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I EVALUATION OF A LIGHTWEIGHT PROTECTIVE MASK

CONCEPT FOR RESPIRATORY PROTECTION SYSTEM 21

1.0 INTRODUCTIONi
La the event of combat where Nuclear, Biological, or Chemical (N•C) weapons could be

I presented, the soldier must be protected while being able to perform his mission. NBC protective

equipment for individuals included both protection for tf; body and the head. However, this

equipment c=. disadvantages d-t" to the physiological burden on the solder, such as:

* Reduction in vision, both field of Vew and acuity

Degradaton of communicatons, both speech ad hearing capabilities

* Increased beat load by containing body heat and preveting exposure to cooling air

The U.S. Army Chemical, Research, Development, ud Engineering Center (CRDEC) is
entering development of the next generation of respiratory protection (RESPO 21) to replace the

current M40 series of protective masks. One of the system concept is a lighhm t protecaive mask

(LPM) which utilizes a barrier film for both the facepiece and hood. This concept provides a

lightweight, conformal mask design which can be rolled or folded into a very small packaete

Concept studies ha been completed for atvmc sesl desig•s, 2ttam•m•n systems, tad eiectotues

for this mask.

BattDele was contracted by CRDEC to inztruze the results of the previous .-omponen

studies and to evaluate methods for optimizing the funactional chn ctriwcs of the LPM concept.

This report dotzments the development process in designing and bcating LPM protoypes.

2.0 OBJECTIVE

I The objective of this program was to evaluate the feulbility of a Jigbtwtight protectiv

mask concept for RESPO 21. This evaluation consisted of generating concept and perftming the

I f-brication ard evaluation of prototypes.

I
I
I



3.0 TECHNICAL ACTIVTrY

ar'ing the performance of the LPM dev,!opment prograr, the following task were Ion

compi 5
"* The desiln requirements for the LPM, the previous work oa protective masks, and the

on previcus work componens which could be used in the LPM concepts wer reviewed U
* New materials were rmsearched which wuld be beneficial to tho LPM design
"* LPM con:epts were generated 'I
"* Components and mitial mask mockups were fabricated to further define the design

"* The LPM prototypes were designed and fabricatedL \I
"* Changes and inprovements to the prototypes were identified which cc'd be

impIemened in fure protype iterations. 1
3.1 Background Inform&zioa

Backgroud inrmation on pat mask developments, mask cvponoem design and LPM
requi~reme was obtained tLiuugt discussions with CRDEC and reviewing ormation ,- rvided by

CRDEC. The background information on the LPM development is presented in the kilowing 3,

3.1.1 Design Requirement Identiftiction I

The design goals of the LPM were Movided by CRDEC (ref 1,2,3) and indcud

S Low weight and buik

0 Easily stWed

* L )w profie d"g on the bead wb.e providing good comfort and fit

* Good optical propertes while providing optica.1 copatibility with exltuigg sighting andI

wCapon SYSrMMS
Low breathing reistance

* Provide dmcal prtatecu.• for 24 bois

* Withstmad deconuinates i

2
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The current M440 protective mask systerr. consists of a mask, a butyl-coated fabric hood,

a filter canister, and a carrier for storing these components. This syster" weighs about 3.8 pounds

"and has . stowed volume of about 445 cubic inches (9 inches by 11 inches by 4.5 inches). The

weight of the LPM system should be considerably less than the M40 mask system. Also, the LIM

should be designed to roll or fold up allowing it to be carried in an existing pocket. To facilitate

stowing the LPM, the filter assembly should be a flexible design and integral with the mask. This

design approach will preclude mounting a heavy filter canister to the mask which would tend to pull

the mask away from the face (i.e., break the face seal) whil, the solider is running or handling other

equipment. Another deýiraule design feature for both lightweight and low profile would be to make a

single layer hood/facepiece which forms both the chemical barrier and the mask suspension.

j The LPM mask design, especially the air manzgement dccts and check valve assemblies,

should ha, e a low profile to minimize interference with other equipment, such as weapons during

firing. sigting devices, helmets, etc. Of course, the LPM must form a good seal to providing high

protection factors and minimize lens fogging when exhaling. In addition, the LPM should provide a

comfortable fit to reduce the physiological burden on the solder. The M40 mask is molded of

silicone rubber for low temperature flexibility and romfort even though this material doesn't providr. a

good chemical agent barrier. Also, the M40 uses thick rubber straps and metal buckles to support the

mask on the face. Because these straps and buckles cause pressure points, or 'hto spots", this type of

s•ps.msion should be replaced by an elastic design which uniformly distributes the pressure on the

weare's head.

The M40 mask lens system has an eye relief of 45 mm (1.77 inaches) which greatly

reduces the wearer's field of view and makes coupliig with sighting devices and weapon systems

difficult. For instance, the eye relief for most sighting devices is 25 mm (1.0 inch). To overcome

"the vision deficiencies of the M40, the LPM should have an optimum eye ,eiief of 18 mm (0.71

inches) and should not exceed 25 mm (1.0 inch). The LPM lens .sitem saould also consist of a

primary lens for chemical and ballistic protectimon, a lase protection outsert, and optical correction

inserts. Both the laser protection ouuert and the optical correction inserts should he fNd replaceable
units witrht requiring special tools. The field of view (FOV) od the otca& popeties of the LPM

lems sys.em should be maximized. In addiuion, the various lenses sh•Jd insXpocrte a two-lens

syste or a foldable design, thus eliminating the tendexcy of a single "winctshield' design to break at

the nowe ridge.

3
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The breathing resistance, both inhalation and exhalation, of the filter and the associated I
ducts and check valve should be minimized to reduce the p:)siological burden on the wearer, The

flow resistance of tne M40 filter canister is about 45 mm 14,O at 85 liters per minute (Ipm) which

doesn't include the resistance of the ducts and check valves. The goal of the LPM is to have a

inhalation resistance of one half of the M40 mask. Provisions should also be made for including a 2-

cubic-foot per minute (CFM) blower to twe LPM for breathing assistance. The inhalation check

valves and the noselmouth seal should be designed to prevent fogging of the lenses in cold

temptratures (which can be as low as o25"F) without breathing assistance.

The chemical barrier of the LPM should provide 24-hour protection to the wearer for all

chemical agents. 'he barrier material should also not absorb the chemical agents which could then

desorb at a later time to pose a chemical hazard. The LPM must not be degraded by e'cposure to

other chemicals or fluid such as decontaminants, fi~els, lubricants, etc.

Tht above requiremrents are the basic design goals of the LPM. The first concept

drawing cs" -.he LPM. as provided in reference 1, is shown in Figure 1. Specific design goals of the

LPM in quantitative terms are included in Appendix A.

Figu= Reproduced For Clarity

FIGIURE 1. LPM DESIGN FROM PATENT DISCLOSURE (REF I)

4
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3.1.2 Literature Review

Variout reports were provided to Batelle by CRDEC on previous concept studia for the

development of components and materials which could by used in the LPM conctept The description

of these reports arz presented below. AdJitional eports. jour.l articles, and vendor catalos were

identified and reviewed during the development progrun; however. thewsref'e s am ikmroduced an

their pertinent information is needed to describe the development pmcesi

3.1.2.1 Chemic•l Barrier Materials

Sever-, studies to identfy chemical 4em barrier materiails hv beea prvioesly

completed and the reports provided to Bateile by CRDEC. The variow maiteria inve"iziaed could

be used in applications ranging from lens materials, lens bardoatinp. hoods, facepiec, a&%* n4

check valve seats. Reference .. was a uudy to identify materials which could be used in die following

applications: elascr-.eic fcepieces. flexible lenses, flexible optical coadnpg. tigi leases, rigid

components, and flexible burier fil=s for hoods. Reference 5 identiir-u andi evaluates msaii6 fo

four different applications: bardcoating for polycarbonate lenses; coated fabrics ftr use an hoods.

"softshell" concepts of a fApiece seal., suspension, and nsecup; and trnsapin1 bcWic

Reference 6 lists the results of subjecting candidate mutials idemtifled in the above two studies W Oen

chemical agent HD in the liquid form. Rfeence 7 details a study aveuiting possibWe flabile lee

materials which could be used in the MCU-21P mask. The original flexible leas material used in this

mamk was an aromaic urethan which was susceptible t logý yellowig. nsf- fto

significant blooming, would take a pernmaent s and wan degraded by DS-2 dconatmicat.

Summaries of these studies, along with some other sources, can be founl in Appedix B reladve at

the application, maeri, material thickness am.: *",m to breahroul;L

3.1.2.2 Lens Design

eences 8, 9. 10, atd I Iwer provided by .DEC dnmbing sewiv studies

conducted to identify various lens geometries for differet mask apkaoom. Refrers I prawued

geral design guides for defiming a lens system and pmposed a number of omcqgits, ibcxding two-

lens deceneed designs. single-lens windshield designs, and two-le=s daigns bued on di siole-Itss



ind.shield. The lens concepts wcre then evaluated relative to optical properties and prducibility.

Reterence 9 describes the lens design for the XM4.0 single lens mask (SLM). This lens was to be

cumpatible with combat spectacles, optical correction inserts. the SPH-4 helmet system, and night

"vasion systems. Reference 10 identifies lens design specifications and guidelines to be used in RESPO

21 Individual Prottction Equipment (TPE). This document spec,fies that the lens system must provide

the capability of correcn, g vision from -9.00 diopters to +9.00 diopters for infantry. Reference 1

is an anthropometric survey report provided by CRDEC during the performance of this program.

This survey of infantry troops fou-d that the optical correction range of -7.00 diopters to + 1.12

diopters covered I to 99 percentile of the survey population.

3 1.2.3 Other Literature

Reference 12 is a compilation of previous study summations provided by CRDEC

relative to face and neck seal design, previous lens designs, voicemitters, voice amplifiers. respiratory

dcsign efforts, arA cooling systems.

3.2 Chemical Barrier Materials

The materials rorining the LPM barrier to chemical agent permeation must meet a

number of functional requirements, such as:

"* The material must resist permeation of the chemical agents for 24 hours

"* The material mrwst wot absorb chemical agents allowing desorption of the chemical agent

after the threat has been removed. Therefore, the materia must not absorb the chemical

agents, or if it does, it must be readily d,.ontaminable or safely discarded.

"" The physical properties of the materW must not be degraded when exposed to the

chemical agzwV or other chemicals common to the battlefield, such as fuels (e.g.,

gasoline, diese fzl, SP-4), hydraulic fluids, and decontamiinats (e.g., DS-2 and STB).

"* The material .n, bl lightweight.

"" The material kst oe flexible (i.e., not board-like) so that it conforms to the wearer and

is foldable.

6



1 * The material should not generate noise, such as swishing, when the wearer moves.

0 The material must have sutficient srength, tear resistance, puncture resistarce, and

U durability for use by a combat scldier. In addition, the material properties must not be

degraded by environmental conditions, such as low or high tempcratures, ultravioiet

3 radiation, ozone, humidity, abrasion, etc.

3 Chemical p -ýaion is a concentraton-dependent phenomenon: the breakthrough time

and steady-state permeaon rame 3hould vary with concentmraon.(ref 13) Chemical permeation relative

to breakthrough time is defined by the time it takes for the chemical to go through the following three

steps:I
* Adsorption of the chemical through the outer material surface

I * Diffusion through the material

* Desorption from the inner mater,;i surface.

I Besides the breakthogh time, the permeation rate is also important because it

determines the time from initial chemical breakthrough to the time that the exposure to the wearer

reaches hazardous levels.

Breaktrgh time has been found to be inversely proportional with the chemical

conwentrion (ref 13) and to material thickness. During a study on glove thickness and chemical

permation (ref 14), it was found that material thickness is more likely to affect pemanent

breaktrgh time (BT) than steady-state pameation rae (SSPR), though permestion rate did vary

inver.ely with thickness for half of the systems they examined. A conclusion of this study is that the

3 square root of the breakthrough time appears to bf related linearly to thickness (i.e., doubling the

thickness could incre the breakthrough time by a factor of 22 or 4). Therefo, it s.ould be

3possible to predict a mateua thickness which offers a desired level of protection based on

Chcmization of two or mrie tesn films of differem t thicmesses. Also, an laveme linear relationship

i between the &;ove material thickness and steady-star permeation nte was observed for the three

glove systems tested. Therefore, a greater maerial thickness not only results in loage breakthugh

times but should also reduce the degree of exposure. Cauton shtald be exerci in using these

I

I



results because they are based on only a couple of single layer materials and solvent systems; the

permeation of any given chemical through any given material and material thickness will be unique.

However, these results can be used in a general sense which must be backed up with specific testing.

Since the permeation of chemical agents tr."ough a single-layer material is fairly

complex, it can be very difficult to estimate the chemical permeation through a multi-layer material.

As the permanent diffuses through the first material matrix, it must pass through the first and second

material interface, followed by diffusion through the second material matrix, and so on until it

desorbs from the inner surface of the last material layer. Multi-layer materials can be constructed

using a material layer having very good permeation resistance with a layer which doesn't have good

permeation resistance. Since the second layer is exposed to much lower permanent concentrations

than if used alone, the permeation rate can be much lower. Also, if the first layer absorbs liquid

chemical in a manner which induces the chemical to spread, the resulting concentration of chemical at

the second layer interace is much lower than if the second layer alone is exposed to the chemical.(ref

15) The multi-layer approach can be implemented by placing a thin film barrier on top of a

supporting layer. If a suitable barrier material is designed by increasing the matrix thickness or by

incorporating multiple layers, the ability to decontaminate the material could also be reduced.

Therefore, it is beneficial to place a barrier material near the surface exposed to chemical agents to

minimize the amount of agents. The multi-layer approach can he implemented by placing a chemical

barrier layer on the outer surface and a mazerial layer on the it.-; trfacewhicitiscomfortabletothe

wearex. An additional thin layer can be placed on the outer surta,.4 of the chemical barrier for

additional environmental protecton if required. Alsc, an intermediate layer can be placed between

.,e chemica! barrier layer and the innermos layer zo facilitate bonding between the two primary

layers or to proide a transition between the flexural characteristics of the two primary layers.

Almost as important as the maceiAl's ability to resist chemical agent permeation is in.

ability to be bonded to itself and to other materials without nullifying the barrier properties. For

instance, if the material has to be sa together, the needle boles have to be sealed, possibly with a

sealing tape based on heat bonding or adhesive bonding. The manufacturing process or bonding

process should not produce pin boles. Peat seled seams or thermoforming mus not cause significant

thinning of the barrier material or degrade the barrier properties. Therefore, not only should the

material itself be tasted for permeatio but the fabricatioa ierfces should also be tested.

- -- i
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I Along with the material literature provided by CRDEC were numerous samples of

candidate materials. A large number of these samples were included in the chemical agent testing

study of reference 6. The results of the material testing is presented in Appendix B. Because these

tests were generally tun as screening tests and not to find 24-hour barrier materials, promising barrier

candidates should be further investigated. For instance, Fluorel* (a fluoroelastomer by 3M) is shown

to provide 450+ minutes for HD and 400 minutes for GB when tested asa 2.5-mil thick sample

3 coated on a slab of silicone (ref 4). When tested as a 75-mil thick sample, it provided 480+ minutes

to breakthrough for both HD and G3.(ref D) Further testing is required to better define the

5 permeation resistance. The 75-mil thick sample data doesn't provide much knowledge on permeation

resistance since the test was stopped before the data points coul. be obtained. As discussed above,

doubling the material thickness could possibly double or quadruple the breakthrough time. These

tests results cannot be used to establ;.,h this type of relation between permeation and material

thickness. Conducting thorough testing of the good candidates should include several material

thickness data points relative to breakthrough time and complete documentation of the test and test

3 sample. Tais detailed information will be invaluable for future protective clothing developers, since

the matetWal thickness can be optimized. For instance, a Fluorel hood having a thickness of 5 mils

might provide good stretch properties while increasing the breakthrough time by a factor of 2 or 4 ( if

a square relation). The minimum material thickness can be selected to provide desired strength,

strwchiness, and barrier properties. Thi example is only presented to show the benefits of detailed

data and not based on the physical properties of FluoMe& or to imply that 5-m:il thick Fluorel could

meet the LPM hood requirements.

In the LPM, chemical barriers are needed for the faceqece, hood, lenses, and any

materials passing through the hood/facepier?, such as an exhaust check valve holder and lens holder.

A materials search was conducted, based on the literaa;u and materials provided by CRDEC and

other ources, to identify materials for prortying these components.

3.2.1 Impermeable MaterialsI
A number of impermeable materials were identified where both chemical agent liquid

3 and vapor pewation is resisted. The impermeable materials include coated Wabric, non-fabric film.,

elastomeric materials, and other coatings.

I
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3.2.1.1 Coated-Fabric M'.aterials

A fluoropolymer and NomexO laminate was idenified which is preedy bein,; productd

by Chemical Fabrics Corporation.(ref 13) This fluoropolymer coating is proprietary and is believed

to be a MFE (e.g., Teflon*). Challenger 5200, a fluoropolynerlNomex's laminate also produced ty

Chemical Fabrics Corp., was previously tested for chemical agent ;erm. "on of HD by CRDEC.(ref

6) This material provided a bmea of43gh time of 432 mi ta d was determined too stiff fora

conformal hood design by CRDEC. Chemfab New York, the division which markets the fabric

laminates, was cont: cted for newly developed materials which might be applicable to the LPM hoad

or facepiece. The following information regarding these materials (except for opinions of durability

and drapability) was provided by Chemfab.(ref 16)

Chemical Fabrics Corp. does manufacturer some basic chemical barrier materials.

Material samples were provided to Battelle, including: ]
Chemlatu X-22 Kevlar* with fluoropolymer on both sides. The material is stiff, but I

seems durable. Both sides are gray in color. I

Challenge 4000 NomexO with fluoropolymer on one side. The material seems fairly I I
dripable. The coated side is orange in color and the uncoated side

white in color. I
Challenge 5000 NomexO with fluoropolymer on both sides. The material seems not i

as drapable than the Challenge 4000, but seems more durable than

the latter mazerial. One coated side is orange in color awd the other ii
coaed side tan in color.

MD-3 .Fiberglas with fluoropolymer on bo"h sides. The material seems

fairly drapable and durable. TIe nuterial is noisy when crumpled.

CPW-3 Fiberelass with fluorpoloymer on both sides,. heavier fiberglass (i.e.,

ounces per square yard) than MD-3. The materil seems more

durale than the MD-3, but not as drapabte as the latter. Both sides I I
of the mairiaJ are blWack in color and it also generates noLse when

cramped. f

10
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I The standard laminates of Kevlar', Nomex', and f.berglass are either flame resistant or

self-extinguishing. The fiberglass laminates are fracture sensitive since the glass fibers are relatively

brittle. If the fibergiass laminate is folded over into a tight crease, the fibers will fracture and the

laminate will easilv tear. Also once a tear is initiated, tension rerpendicular to the tear easily

propagates the tear.

Originally, Chemical Fabrics Corp. could only coat the fluoropolymer on fabrics, such3 as Kevlar", Nomex*, atd fiberglass, which could withstad high temperatures. Only recently have

they started to place fluoropolymer on low temperature fabrics, such as nylon and polycster. Some

3 coated materials currently under development by Chemical Fabrics Corp. were supplied to Battelle,

including.

U STR 080691 N Nylon with fluoropolymer on one side. The nylon is about 3 oz/ydl

and the fluoropolymer has a thickness of about I mil. The mateirial

seems somewhat drapable and durable. The coated side has a zhiny3 green color and a dull light green color on the nylon side. This

material does not seem to produce as much noise when crumpled as

the fiberglass laminates.

STR 070191 A Nylon with fluoropolymer on both sides. This material is not as

drapable as the nylon with fluoropolymer on orly one side, but it

seems more durable than the latter. Both sides of the material are

shiny green in color.

I 7TR 090591-D Polyester with fluorepolymer on one side. This material seems more

drapable than the nylon coated with fiuoropolymer on one side, but

inot a durable as the latter. The coated side is shiny green in color

while the non-fluoropolymer side is light green in color. Noise is

3 generated as the material is crumpled.

STR 09059 1-C Polyester with fluoropolymer on both sides. This material seems

i ls s s drapable than the polyester coated with fluoropolymer on one

side, but more durable than the latter. Both sides are shiny Ireen in
i color. Noise is generated as the material is crumpled.

I
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Chemfab provided chemical agent test data for HD to Battelle for the nylon and I
fluoropolymer laminates .(ref 16) This liquid agent contamination/vapor penetration (LAC/VI)

testing was reportedly performed in accordance with CRDECSP-d4010. The nylon with :

fluoropolymer on one side (STRO 7018 IB) had HD exposed to the nylon side and resulted in a

breakthrough time of about 20 hours. When exposing the nylon side of this material to HD, the

nylon absorbed the RD and swelled. After evaporation of the HD, the physical properties of the

original material were regained (.e, any degradation of naterial properties are not permanent).

When testing the nylon coated with fluoropolymer on both sides with RiD, the breakthrough vapors

were balow detectable levels of 0.75 g/lcm 2 for 72 hours. Dei~ontaninating the exposed nylon side I
of HD using DS-2 resulted in only 2% of the agent being recovered following the decontamination.

The Kevlar', Nomex*, and fiberglass laminates can be readily heat sealed together since

these substrates can withstand the high temperatures required to heat seal the fluoropolymer (about

500' to 700 "F). The heat seais can be formed by heating aluminum blocks to the proper I
temperartre and pressing the laminates together between the heated blocks using hydraulic or

pneuratic cylinders. Custom-designed aluminum blocks for heat sealing curved hood pieces could be

made. However, the nylon and polyester laminates can't be heat sealed on the flucropolymer coated

side since these fabric substrates will melt at the high temperatures. The nylon with fluoropolymer on

one side can only be heat sealed on the non-fluoropolymer side only because this side of the laminate U

is coated with a polyrmer which can be heat sealed at temperatures of about 350"F. Chemfab is

presently deve'oping methods of heat sealing the nylon and polyester laminaes by adding
fluoropklymer coatings to the barrier coated sides which would allow these sides to be heat sealed at

the lower•tempears. A sample of a heat seal covere with sealing tae was provided to Batelle I
where the polyester substrate was coned with the heat sealing fluoropolymer. However, the chemical

barrier fluoropolymer coatings were not applied to this sample. Chemfab ha expressed interest in I
fabricating heat sealed hoods for prototes and is also interested in developing other materials,

inuding a fluoropolymer/polymer lI2nate where the aminate would be thermoformable and the I
thin fiuaxopoymer would stretch during firming.

Soine initial testing Awn performed on three Chemfab materias by CRDEC.(ref 17) The
testing was a standard liquid/vapor chemical agen peontraion test for HD. The tested materials were

STR 090591-D (167 minutes), WD-3 (69 minutes), and Challenge 4000 (76 minutes). These samples I
may have been handled roughly which could have shortened the breakthrough time. Other historical

1
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I factots of these samples were not known. Although this test dama is important, additional vell-

documented testing may be warranted.

Barricade* is a multilayer fabric produced by Du Poat for use in protecdive aipar'el.

Barricade9 is available in %ellow and green colors.(ref 18) This material provides over 20 hours of

I breakthrough time for HD.(ref 6) A large sample of BarricadO was given to Battelle for evaluation.

This material seems strong and durable, but it is very stiff and would not likely make i conformal

I hood or facepiece. BarricadO was not considered for u:.- in the LPM prototypes alihcugh it was
usad in the fabric hood mockup as the facepiece.

I TyeklSaran=O 23-P is a lminate of DuPont's Tyvek and Dow Chemical's Saranex

23-P film.(ref I1) This laminate is produced for use in chemical protective clothing. No sample was

specifically obtained by Battelle; however, the liter;ure sates that a two-ply version of this laminate

is available. For a number of the chemicals shown in the literature, the two-ply version increases the

chemical oreakthrough time by a factor of about 5 to 6 times. For some chemicals, this factor is as

high as 10 or more.

1 3.2.1.2 Non-Fabric Films

Sarane is a good permeation barrier produced by Dow Chemical Co. Saranex iLi a

laminate of Sara& sandwiched by low density polycthylene (LDPE) and ethylene vinyl acetate (EVA)

also produced by Dow Chemical Co. The Saranex film generally comes in thicknes of about 3 to 4

mils with the latter thickness obtained by Battelle for evaluation. It was c"ided that Sawanex* would

likely not be strong enough for a facepi•ce or hood by itself. Sra.n fum having a 6-nil thickness

was obtained for evaluation by Battelle. Although this film is thin, ,te stigth properties were

approaching that accepabla for LPM prnxotyping. Both of these materials can be therrmoformed and

heat sealed. However, the 6-mil thik Saria could nat be thermioformed successfuzly during testing

E at Battelle. After discussions with the supplier, it was determined that this material was fabricated by

a blown film method which orients the masanl (i.e, frozen-in stretch). The resulting material is not

dtlemoformable.(ref 19) Saira is the'moformable when produced by c€long, but a sample source

could not be identifed fir Sarau in thic of 6 mils or Sgrar. Saran was also not

rrecommended as a toitiple use item for chemial agent protection, but it could be used as a

disposable item.(ref 19)

1
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Teflon* is a chemical resistant material produced by Du Pont. Variations of this

material in thicknesses of I rail have provided chevrical agent breakthrough times fTr HD in excess of

24 hours (refer to Appendix 3). Teflon' is very strong and flexible (in thin films), but it is not I,
stretchy. Teflon* FEP, besides being very transparent, can be thermoformed and heat sealed.

However, adhesives generally will not bond to this material unless the surface is first treated, such as i
a corona z.eawment or a chemi:cal etching. Chemfab has produced visors for protective clothing from

10-miu thick Teflon* FEP.(ref 20) However, their experience is that FEP stress whitens, followed by i
cracking, if it is folded repeatelly.

Kratoa* is a flexible and stretchy thermoplastic elastomer proauced by Shell Chemical

Co.(ref 4) It is soft to the skin and can be blow-molded into a foam. Although it alone does not

provide a good chentical barrier, it maght possibly be used in a laminate with a good chemical barrier

which could then be thermoformed and heat sealed. A commercially available Kr=tn laminate

which could meet this description was not identified, but it may be possible to develop this laminate.

3.2.1.3 Elastomeric Materials ml

Elastomeric materials could be used to farm a hood and facepiece. However, stretchy

elaswmerm generally do not provide good chemical agent permeation resistance due to the same

propertis that provide the high deg=e of stretch. Pot increased strength, elaomers are formed onto

fabric substrates. These substrates, in many cases, limit the stretch of the elastomer to prevent the

material from exceeding its allowable tensile tess (i.e., rupture..

Two latexes were found to provide over 20 hours before breakthrough of HD during

previous testing.(ref 6) These latexes were formed by evenly mixing Butyl Latex BL-100 (Appeadix

D, no. 32) with natural rubber latex 1041, (Firestone), and by evenly mixing polyisobutylene latem I
(PIB-5C) with natural rubber latex 104L. The samples provided by CRDEC were stretchy, but vM

tacky. BL-IO0 and natra rubber latex 104L were obtained by Battelle for dip-coat testing. This I
testing resulted in samples with only minimal ten strength and was = incorporated into a hood/mask

prototype. ,le latex compound;ng and testing is presented in Appendix F. i
A fluoropolyme latex, TN Lamex (Appendix D, no. 33) was obtained by Battelle for

dip-coat testing. However, due to the unpromising agent test results of reerence 5, no testing with

this latex was performed.
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I A polyvinylidene chloride (i.e., Sam -4ikt "nulsion coating call-4 Daran* was

obmined by Battelle.(ref 21) This emulsion can be applied to provide a thin-film high barrier coating

to pap;.r, paperboard. and plastics. Although it actuafly is a thin coating, it is presented in this

section since it is similar to the latexes. Some types of Dara.,_ can be heat sealed while others can be

used as a laminating adhesive. The applied Daran* = be air dried or oven dried.(ref 22) It should

cure as an optically clear film; the presence of haze indicates water or other contaminant. Some

sample& were made where the Dara- was brushed onto thermoformad Kr•ton and onto a

nylon/Lycra* fabric hood without success. Both samples resulted in bazy coatings. The Daran&. did

not adhere to the Krtton*, possibly due to the presence of contaminants or because a primer may be

needed for bonding. The DaranO also did not bond well to the fabric hood and it made the fabric

very stiff.

KafreZ' is a perfluoroelastomer which combines the chemical resistance ot Te.flon*

PTFE with the resilience of rubber. KalrezO is produced by Du Pont. It is fabricated by

compression molding or calendaring/extrusion methods; it can not be fabricated by injection molding,

dip molding, laminating, or coating processes.(ref 23) In addition, Kalrez bonds poorly and is not

recommended for stitching or taping seams. Kairez* does provide il're than 20 hours breakdmtugh

time for HD.(ref o) A sample was provided by CRDEC which was N ery stretchy and strong. The

biggest disadvantage of Kaizea is the high cost and availability. The largest size which can be made

at the present is 6 inches by 24 inches. A 0.010-inch thick sample of this size would cost abort

$700.(ref 23) After some development work, large qua•tities (i.e., 100,000 pieces) of 24-inch by 24-

inch sheets may cost between $1500 and $2000 each.

3.2.1.4 Coatings

A number of material samples were obtained by Battelle from CQ Corporation. These

Smaterials consist of laminates where a foi layer is sandwiched by fabric layers. In general, foil

layer3 provide excellent barrier properties, but these samples seemed to have pin-bles, either due to

J the fabrication process or lack of quality control. On some samples, the outer fabric would stretch so

that excessive tensile stress would be applied to the foil layer, thus resulting in filure of the barrier.

J These materials had been tested by CRDEC for chemical agent permeation of HD and did not m.ovide

good barriers.(ref 6) Therefore, they were not considered for LPM protoryping.
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A sax ty was performed to investigate potential use of metizen low density polyethylene

(LDPE) film in cheinical prtective clothing.(ref 24) The thicknew; of aiuminum on the LDPE film

was about 500 Angstroms. A problem with applying thin metalized film is that the aJuminum in

usually not 100 percent continuoms, resul:ing •u pinholes. The permeamion rate may be significantly

reduced by the metalized fin, but the pinholes may eliminate any increase in the breakthroogii tim-. I
Two layers of Lietalized film could be laminated together by bonding the two metal films together.

Therefore, ýbe pinholes will likely not align together. Testing fown that the single metalized fdluos

increased th:- breakthrough tines by a factor of about 4 over the non-metalized substrates. However,

metalized fihli sa=iles which were hand crinkled 5 wme3 before testing t id not show any 3
improvement over the non-metalized samples.

Parylene conformal coating consism of a polymer series (para-xylylenes) developed by ,

Union Carbide. Corporatioa.(ref 2S") Parylene is a transparen coating applied by vapor deposition "

pressure of ab•ut 0.1 torr and at room temperantre. Because it is applied in a gaseous phase, the I
coating occurs on all surfaces exposed to the vapor. The Parylene molecules are simultanetouly

absorbed and polymerized on the substrate surface. The resulting bond Li a mechanical bond and is 3
not due to a chemical reaction, allowing it to be applied to any number of materials. Common

coating thickness, depending unon the substrate material, range from 0.1 microns to 0.002 inches. fl
Parylene is zomrmonly used to conformal coat prK•ed circuit boards in accordance with MIL-!-

46058C. In additioni, it is used to coat voicemitters of the M17 Protective mask to provide protection 3
against the decontanmant DS-2.

A munber of material samples were submitted rr Nov- Tran Corporation for coating

with Parylene.(ref 26) The size of the samples were limited to about 6 inches by 6 inches due to the U
size of th.- vapor deposition cLaiber available. Both fabric and polymer films were submitted,

including:I

* Fabric, Lycra'inylon blend I
* Woven cloth, 0)% pol yMer and 50% cotton

* Aliphatic urethane, 0.060 indhes thick 1
- 60 %oceA

- 90 ShoreA 3
- 50 Sbo D

I
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* KrmwO, 0.007 inches thick

* Krmon*IPE blend, 0.020 Iniches thick
* PET. 0.005 lnche thick

The Lycra*/nylon maurWa wn provided a watroesdwd and mucbed (20 pot m)to
detertsie Vt the Wabrco~uld be caedW in a wmabed configmiwuom mod 04m relaxed m the origina
dl~muoasio. This approach mused the coadalg to the wit" hedbric would provid a continuous
coating while providing a cbemIca barrier which would be strocky (Parylone film by Itsef is not
sarachy). Both the Lycrae/aylon and the polymsu/cm too fabrics were comW nSa both sides with
coaming thicknesse oi 2pim (0.0000 inches) aind 0,0005 inches. All of the comed! fabric saxoples
weas ftirly stiff and air could be exhaled through them. The pr..wubsdae LycralnyWo samples did
not relax to Gie original dLmemions; they wore I'ock.J int their matrowb shape. Itb. samples
baving a costing thickanes of 0.0005 Lcedo were faiy nlffl however, the Pszylaie did wet seems to
crak when the suapls were geotdy W~ed.

The polymer filmawer comitedoasbothsdes whishcosng thickasesesmof 0.00and
0,001 inches. As the subsima. were flexed, tho fila. would spapra ftmu the substrate and fill with
air although the coatings did remasin m a im film. The siffu polymer, both th. 50 Shore D
sJiphatic urethane ad the PET did mist dotsamination Howver, this Is more likely due to thmes
samples having a gremm resistnce to bodling thano the other smoms

Cmaing plastic Mass, with gIfa (silicos diozioe) Is 'amer wrac devlopment for wse, In
the food and medica packaging sppilcations.(rof 27) Tbe glas cm be appWe 0o the plasti film by
vwinin deposition or by alecumrbonsbu deposition to a thicktess bets 500 and 1000 Angstromn
At this thicknes, the barrier Is maimtaise wail. the briltlenes is elOAmLntd 1n Widldo to the
barrier properties, the gins provides op"ia clariy. When wed in a Wlodnato which toae regsin
abrasio, it Is recommended that the gim smlye be sadwice beew two Layers of ptude film
Extism. flexing may also aauk the glass costing.

Anothe glas-costing W&Witlogy being developed! is a qwut4U costimu QLPO
applied to plastic food packing coontainrs, rich as plastic aoL drink boide.(ra 2S) Curretly this
coatin is being appIed 10 rigW I.e. 20if) plastc GDcntaines. The Woatin thicknes Is show I00
Anpstsoau and kt Is optkcaly cleaw. TIU cooati has increesed perumlrim raua&sabesout 3.7 imes
over snoscomWn samples. Durab~icy estin wa conducted where the coate plastic boswes mw
prese flax. by ham, 20 times after which they wene blown back 0o their oigina shape. Thes

11
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samples w•re then tested and found to have lost only about 20 percent of tneir barrier properties. .1
Two coxed soft drink boulas were provided to Batelle for evauatio. One coned bottle wv- pressed

flat by hand with no apprent %sacking. Because the QLF coating reuires a -iff substrate, it may

be useful tn the LPM as a lens coating. However, this coating waa not considered for use in the hood

or facepiece design. I

3.2.2 Semi-PermwbleiCarbon MaterWs

Semi- rmeabte materiaLs (also referred to as brethable cr porous mmrials) are n

benemficial to cbemical gnoective clothing tecause they allow water vapor to pass through the chemical

barrier while minimizing diemiial at=s permeation. In geneal, thcen materiaLs comist of a liquid
barrier and a chemical vapor 3bsorpin material (i.e. activatd carbon). By allowing water vapor to

pass from the wtuer, though Ie chemical barrier, the physiological burden on the wearer is 13
reduced.

Miliur7 chemical protection clothing is currently available which uses Quarpel-t'eatad 3
cloth, su.h a nyloo, as za outer liquid barrier and &a inner carbon4oaded cc-h la-yer (produced by

Bl'cher) for gas absoxption. The military suit composite bu a carbon loading of I1O gms/mý and his
repcrtedly passed chemical agent falling drop tests with only 0.1 p =/cm2 of apnt peneuaang in 24 1
hous.(ref 29) Blhcher ao produces a soft coa material loaded with carbon spheres of various

carbcn loadings. This material is refienr to as pajama tJ) cloth where PII I Us a carbon loading of i
150 g:ms and P17 has a carbon loading of 180 gts/rn. This composite momria can be fabricated

Into a hood by wewiz4 the catbon Lyer directly to the Qmpe-reated cloth and th sewinm the U
c=mbined Uf i0 into a hood. The n will hav a double thickness, but the double thickness of I.
c arbo will Provide addtional gas *=own at u. sm . A thermoplastic tape can also be heat .

applied to the sm . One coocom abott tbh e dchemical ba'i,ets is the applicatioa of

pres•e to lkid age ond t liquid b•tie. Applyaprsu mto liquid hemic agens c•od I
frce the liqtu through the liqkuid barrier materizi and e.=essively load the carbon ler. An
mpeeal maxri could be .xi4ed, like a patch, over the iid barrier in are where pessure 3
contac is likely.

I
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Another type of liquid barrier mazerial which allows w;er vapor panetation is a porous

fluoropolymer membrane (e.g.. expanded Teflon, ePTFE) commrouy used in sport clothing. such a

GORE-TEX' produced by W.L. Gore & Associates. Combining this iyp of liquid barrier with a

carbon-loaded layer coulh 1brm a compos:te material useful in the LP.M design.

3.2.3 Lenm Mazerals and Coatings

Various Iet materials couli be implemented into the LPM 4tnign.(rers 4 and 5) Rigid

lenses could besi be made fro i polycarbonate and hardcoatad for abrasiim d chemical permeation

resistance. Flexible leas r Aerials include aliphatic uretmes and a trapsmat EPDM ptrviousiy

deve'oped by Battelle. As discussed in SMon 3.4. 1. 1, impact-sisa - polycarbonate rigid lecas

with a hardcoatiig was selected as the lens design for the LPM. Therefore, flexible ln maerbial

were not investigated.

3.3 Initial Mockup Fabrication

An initial design was geemmed based t n the Ifterature -revidsd at the beg~ning of the

program. Feedback was obtained from CRDEC at the fist progress review meeting. This feedback

was used to refine the initial design and to f-bricate *rough' mockups of soem mask coxapemm.

These mockaps were made to test and rvahl-a ideas while also pmvidiaw acnai pieca for

communicating desigp suggestions.

3.3.1 Initial Design

The initial design was basW on a number of asmnpdoo and goahs iattiaing

The mask was to be low profile and ligLweighzL To help tm this goaL, th enmy

lenses were assumed to be attached into a lens holder us , adbiws or insert UmldW

a mechaicka anwahmentidechmet metho was not mnvisiW orn toe the likey lWW

volume and weighL
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The componenm should be designed for multiple uses to reduce the number of

components and thus the overall size of the mask. For instance, the primary lens would

be made out ot rigid polycarbonate having a hardcvating instead of a flexible lens. This

lens design would provide chemical agent protection while also providing ballistic

protection. A'so, the chemical barrier hood/facepiec! should be made from a stretchy

material allowing the hood ind suspension to be integral. This stretchy barrier could

also reduce the need for a peripher.-d face seal by tightly fitting to the face.

0 Rectangular shaped inhalation and exhalation check valves might provide a lower profile
than the standard round check valves without increasing the flow resistance.

* A voicemitter was to be included into the mask.

The drawings of the initial design are presented in Figures 2 and 3. Figure 2 shows the

compon '.n=s basically hidden by the facepiece and hood, including the primary lenses and the air
management components. Air inlet ducts, mounted on each sirde z"' fe head, transfer air from the

filters to the lens area for defogging purposes. The air then flows through a duct, a rectangular
inhalation check valve mounted in a nose/mouth seal, and into the mouth area. The exhaust check
valve is suspended from the facepiece which is not shown. The filter assembly is constructed of

individual filter packets to facilitate folding of the filter assembly for storage. The filter ducts join a

common connector which is not directly comnected to the air inlet ducts. This design is to

accommodate an optional blower for breathing assist. If a blower is not available, the two snap-fit

connections would be joined wizh by a coupling duct which is not shown. Figure 3 shows the

exterior features of the LPM. The front view includes a helmet which shows that the air inlet ducts

mounted to the side of the head would not be pinched by the helmet chin strap and that the absence of

a bulky nosecup does not inhibit the proper use of the chin srap.

3.3.2 Mockup and Testing

initial mock-up fabrication and testing was completed to determine basic propffties of
some component designs. Testing included measuring the air flow resistance of elastomeric tubes and

check valves. Mockups were made of a dip-=oa elastomeric mask and a non-stret.chy fabric mask.

including some initial lens designs.
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I 3.3.2.1 Duct Pressure Drop Testing

To determine approximate duct flow areas to provide minimal pressure drops, initial

testing was made to measure the pressure drops through tubes of various diameters. Other

requirements of the LPM air ducts are that they are to be foldable and yet not collapse under slight

vacuum pressures. Since the air ducts would likely be made from an elastomeric material to meet the

foldability requirements, an effort was made to determine the effect of friction on th,'- air flow through

the tubes. Several types of materials were tested, including Tygon tubing, polypropylene tubing, and

g copper tubing. The copper tubing was tested as a control since it has a very smooth inner surface

which minimizes the friction loss. Internal tube diameters tested were 0.25 inches, 0.38 inches, and

0.50 inches. The results of this testing are shown in Figures 4 through 6.

The pressure drop through a 0.375-inch inside diameter tube is approximately 10 mun

Hf20 per 2 feet of tube length (i.e, 5 mm H20 per foot of length) for a flow rate of 42 1pm. This

flow rate was used as the design flow rate since two tubes would likely be used in the LPM; one tube

for each side of the face. The pressure drop through a 0.50-inch inside diameter tube is about 3 nun

H20 for a 2-foot length (i.e., 1.5 mm H20 per foot of length) at a flow rat of 42 lpm. The cross-

sectional area of the tube having a 0.38-inch inside ojameter is 0. 11 in2 while that for the 0.50-inch

inside diameter tube is 0.20 itz. Because the air inlet ducts are expected to be only about one foot

long each and 1.5 mm H20 is a small percentage of the overall apected pressure drop during

I inhalation. 0.20 in2 was selected as the design goal for air flow cross-sections. A duct for

transferring air from the ienses to the mouth area could have a smahller cross-sectional area without a

3 significant increase in flow resistance since the length is very short. A slight increase in pressure

drop will likely occur for the design goal area it" the cross-section of the duct is non-circular sivce the

3 contact area will be larger (I.e., the cross-sectional perimeter will be larger). Also, tight beras in the

ducts will also increase the pressure drop.

3.3.2.2 Check Valves

A number of current military check valve assemblies were provide•d by CRDEC,

3 including the C15 and C23. These check valves are shown in Figure 7, alorg with a commercially

available spiral check valve (Rudolph valve) and flat flapper valve (Survivair).

i
I
I
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All of the check valves used in protective masks seemed to be round designs. This .

uniformity in design could be the result of better performance and simplicity of manufacturing. Since r

a basic LPM requirement !s for a low profile, using a rectangular check valve design was1

investigated. The basic principle of the flapper check valve is that air pressure is uniformly

distributed or. ,%e flapper surface which acts like a cantilevered beam; the Capper is supported at the U
center and the unsupported end deflects to open up a flow path. The amos.ri of pressure needed to

provide a specific amount of air flow is propo'donal to te beam stiffness and the beam width. The I
beam stiffness is a function of the material stiffness, the beam thickness, and the length of the beam

to the fourth power. Because the length of the beam has such a large impact on the ft e required, it

was felt that a hinged rectangular check valve having a hinge length longer than the radius of a

comparable round check valve could provide comparable or less pressure drop while providing a 1

smaller profile. A rec-angular check valve design compared to C:e C23 check valve is shown in

Figure 8. The rectangular check valve could also be placed perpendicular to the air flow which can ) I
provide a smoother flow path, where the round check valve would have to be placed almost parallel

to the flow path to achieve a low profile. To test the performance of rectangular check valves, the I
check valves presented in Figure 9 were fabricated: a flapper attached with two pins resulting in a

small flapper radius, a hinged flapper on a flat check valve seat, and a hinged flapper on a curved

check valve seat. The pressure drop across these rectangular check valves are shown in Figure 10.

Although the pressure drop across the flat hinged design is lower than the curved hinged design, .he I
forim did not effectively seal when exposed to backpiessure. The slight curve on the curved hinged

check valve seat tends to prestress the flapper into the dosed pcsition. This later design can be
found in Appendix C with test results compared to the C23 check valve shown in Figure 11. U

CRDEC provided a tea report to Batele on various check valve designs (ref 12) along

withsamlesof some check valves which they have found to provide the best perfiormance For the
exhaust check valve, it was suggested that Battelle use a convoluted design made of silicone rubber.
Two versions of the check valve flapper were provided to Battelle: the first flapper design used a pin

for auachdLg (refer to Figure 12) while the secoad, and ptefed design snaps over a post on the

check valve sex (refer to Figure 13). Although silicone rubber doesn't provide a good chemical I
barrier, a cover placed over the check valve prevers liquid chemical agent from falling directly on

the silicone flapper. In addition, the cover pmovides a dead air space which is flushed with cean" i
exhaled air. A dimensioned drawing of the convoluted check valve seat having the post attchrment

26
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E adius .ing eckValve LwPfile L e cVa lCheck

IExisting C23 Check Valve Low Profile CheckValve

iScale: Full

I FIGURE S. PROPOSED LOW PROFILE CHECK VALVE DESIGN

I ~was provided to Bzttelle and can be found in Appendix C. For the inhaation check valve, CRDEC

suggested using the existing C23 check valve.

1 3.3.2.3 Nose/Mouth Cup Seal

I Suspension of the inhalatiou check valves in a nose/mouth seal as initially envisioned in

Figure 2 was investigated. Mounting the inhalation check valves independent of the leas holders was

felt to provide better folding properties. Some initial ideas were sculpted on a headform to suspend

both the inhalation and exhWation check valves using the C23 check valve. The headform used was

provided by CRDEC. Each concept was sculpted on only one side of the face to reduce the time

required. Photographs were then taken of each coicept; however, for clarity purposes, the

photogra* were reduced to line drawtngs. The primary funtions of the nose/mouth seal are:

I
I

I
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To form a breathi.g compartnent which would not exceed a volume of 50 milliliters to I
minimize C02 buildup (ref 12)

To seal the lens comparment from exhaust air. thus preventing most exhaledi r from

condensing on the lenses and preventing exhausted CO2 from contamuing aihnaled air.

To not interfere with the werer's mouth movme-nm which could ir-ede speech.

An open nosecup design, concept A, is shown in Figure 14. The open front reduces the

nosecup weight without greaty impeding speech, iut some billowing could occur during inhalaton.

The inhalation chek valves, M23 -ueck valves, are parallel to the face and are enclosed by the 3
nosecup, positively f*rming an inhlation flow path. The facepiece would be bonded to the noseci-p

to complete the chemical barrier. The exhalition check valve would be mourted directly to the I
'acepie-

Nosecup concept B is presented in Figure 15. This closad design provides a positive,3
standoff from the mouth waich should not billow. The C23 inhalation check valves are not

encapsulated by Lhe nosecup and if the facepiece is not stiff enough, billowing could occur during

inhalation. Besides generating a distracting noise, billowing would reduce the flow path size and

increase the pressure drop. The C23 exhalation check valves are mourned to the nosecup. Two

exha'ation check valves 2l used to reduce the profile, but two covers wvmid be needed to isolate

these flappers from chemical agents.

Nosecup concepts C and D are shown in Figure 16. To provide a smaLler nosecup size i
the C23 inhalat.on check valves were mounted p-srallel to the side of the nose. Concept C is an open

design with thn inhalation check valve not enclosed by the nosecup. This mounting design could I
cause billowivn of the f&cepiew which could result in the flow path being reduced and the pressure

drop increased. The C23 ezhalaion check valve is mourted to thenosecup. ThezNdoff in front of 3
the mouth is open to minimize the degradatn of spech tranixmm Concept D is !ike concept C

except th the inhaladon check valve is enckosed by the nosei to preclude billowing. 3
3.3 2.4 Headform Fibricaion 3

As mentoned in the previous section, a headformi was provided by CRDEC. However, 3
the specifications of this beadform in termsof a SO3 Percentile t'e were notknown. Therefoe a

headform of the front half of human head was made to best meet a 50 percene male hed TheS
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percentile head dimensions were based on the averages of several anthropornerric studies of similarI
populations and available headfobrms. The primary study used was 'ased on a survey of U.S. Air
Force personel (ref 30). Reference 30 contains data from other studies of U. S. Army infantry
troops, armored personnel, and aviator~s. NUL-STD-1472C was also consulted for anthropomewric
data which included a category for ground trvops.(ref 31) A basic headform was then cast of a
Battelle employee approximating the 50 percentle male dama Some measurements of this headfbrL..
are presened in Appendix C along with some comparable dimensions.]

To cast the basic headtorm, the subject's hair was covered with a bald wig piece and the
eyebrows were coated with petroleum jelly. These measures were necessary to be able to release the
subject from the mold. A quick-curing replicating material, Mcgi-Cast (Appendix D, no. 17), was

mixed for use and applied as the subject's eyes and mouth were kept closed. 'Me nasal1 passages were
kept open for breathing purposes. The Mlgi-C&us was applied carefully to preclude trapping air and to
replicate as much detail as possible. The Algi-Cast mold was then reinforced with plaster ?nd quick-I
setting plaster bandages generally used for formning casts on broken bones. Becaus Algi-Cast is
made from dry seaweed and will break down over time, a positive maold was then made with a 1
permanent material. A female casting mold was then made of the permanent positive so that a
number of bead forms could be cant. 'Me fuWa headform is presented in Figure 17.

FIGURE~- 17 5 PRCNTLEHEDFR
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1 3.1.2.5 Elastomeric Hood

I A hood was fabricated from flat sheets of neoprene having a thickness of about 16 mils

(0.016 inches). The neoprene was used to simulate Kalrez* (refer to Section 3.2.1.3) which was

found to be a good chemical agent barrer. Edge joints were made by applying adhesive to neoprene

strips placed on top of adjacent rubber pieces. This hood was not integrated with lenses or air

3 management components, since this hood was basically made to get a fed for the characteristics of an

elastic hood and facepiece. Kalrez was initially being investigated because of its excellent chemical

Sproperties. However, as the cost of Kalrez* became known. it was determined that a cost-effective

mask could not be made from this material in the near future. Development of the neoprene hood did

result in a pattern for making a tight-fitting hood out of fiat rubber sheet.

1 3.3.2.6 Dip-Coated Mask' Mockup

3 A mockup was made to explore the dip-coated mask concept. This mockup, shown in

Figure 18, included a urthane/fabric substrate hood and facepiece, a suspension, two primary lenses,

a silicone lens holder, and Tygon tubing for air flow. The lenses and lens holder were taken from a

SCUBA diving mask. The fiat, glass lenses were replaced with acrylic lenses having the same area as

the glass lenses and a thickness of 0.12 inches. The lens holder was a one-piece silicone rubber part

with a nose cover. A fabric hood made of stretchy nylon/Lycra was used as a substrate for the

urethane coating. The urethane, Flexane Brushable Urethane (Appendix D, no. 25), was a brushable

grade mixed with a flexing agent. Flex-Add (Appendix D, no. 26), which resulted in a hardness of

about 55 Shore A. The inten of coating a flexible fabric with a stretchy elastomer was to integrate

the fcepiece, hood, and suspension into one piece. To facilitate donning and dofffing while still

providing a tight, conformal fit, pleats were placed at the back corners of the bend. Tygon tubes

3 were placed on he side of the head and into the outer sides of the lens holder. The cosmtruion of

this mockup was as follows:

i I The nylon/LycrO fabric hood was fabricated by sewing two halves together with the

seam running from the vertical center of the face to the back of the nec•. This fabric

i hood was placed on the headform.

Triangular plastic forms were attached in the back corner of the headform for

generating the pleats. These forms were placed on top of the fabcic hood.
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* The lens holder and lense wer•e placed on the headtbrot.m,

* Two T.•gon tubes. 0.38 inches in~side diamnefer. were attached to the fabric hood to du,.t

air from the h.est area to the outer sides of the lens holder.

"* The acrylic lenses 4ere masked otf.

" N% lon. Lvrat abric was fitted and attached to the T gon tubing rand the nose cover of I
the lens holder to form a nosecup.

" The Fleane Urethane -as mixed with the Flex-Add and brushed onto the fabric hood

and over the silicone lens holder. Because of the relatively short pot life of the I
urethane, only one. relativel, thick coat (about 3 06 inche\ thick) of urethane was

applied. I
Arter the mas.k was cured, air hole5 were punched in the lower part of the lens holder

tor inhahin- air. The inner laser of fabric hot-d in the noqecup and inside the lens holder I
was remo~ed.

To complete the cre of the turethane and tt. luce the tack. the m.ask \%as baked in an

oven at about I:OF tor several hours.

I
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.1 The principle of the adjustment pleats seemed to work; however, the plea forms were

plaý--A on top of the fabric substrate, instead of under the fabric. Tht pleat forms also had relatively

sharp comers which were not coated very well by the urethane; therefore, the urethane coating ripped

fairly easily at the pleat lincs. The pleats would have worked better if they did not contain sharp

I corners and if the fabric substrate covered the pleat forms to he-ner support the urethane.

The lens shape and lens holder were borrowed from the dive mask to reduce the time3 needed to construct the mockup. These lenses had a large eye relief and they didr't provide any

sideways vision.I
3.3.2.7 Fabric Hood Mask MockupI

Following the dip-coated mask mockup, another mockup was fabricated to simulate a3 non-stretchy fabric hood and fac.-piece design. This mockpip, Ahown in Figure 19, used the same lens

holder and lenses as the dip-coated mask mockup %`ith some changes. Inhalation check valve

assemblies of the rectangular design .were placed in the lower half of the lens holder. Flat side !enses

were made of acrylic and attached to the outer sides of the acrylic prtuary lense,. The silicone lens

holder was tailored to fit the new lenses by cutting and gluing. The bood wa5 mr~ade from a non-

stretchy, flexible coated fabric while the facepiece was made from Banicade' (DuPont) which is non-

stretchy and somewhat flexibie. A nyloc ".ycra fabric hood was used as the suspension. Tygon

tubing ducted air into the lenses and also formed a fce seal about the face. A Survivair check valve

assembly was installed in front of the mouth for exhaling air.

T• T' ,rocedures used for fabricating this mockup were as follows:

I Two nylonlLyca- fabric hoods were fabricated. Each hood was made by sewing two

halves together with the seam running from the vertical centr of the face to the back of

3 the neck.

S lThe acrylic front -d side lenses were made (refcr to Figure 19) using the patterns

3 presented in Appendix C. The side lenses were then glued t, he front lenses.

* The silicone lens holder was cut and glued to provide a goc fit with the acrylic lense

I * Rectangular inhalation check valves (refer to Figure 20) were made where the check

valve seat was acrylic and the flapper was 16-mil thick neoprene. The dimensions of the

I inhalation check valve are presented in Appendix C.
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I

Angled For
Intrfacting With
The Nose

Width: 0.06 Inches

I
Check Valve Seaw Used3 In Fabric Hood Mockup Scale: 2X

FIGURE 20. REDUCED SIZE RECTANGULAR CHECK VALVE

I * "lne check valve assmblies were instaled in the lens holder.

0 71Th fabric hood was fiormed by sewing the coated fabric according to the pmaten
deveoped during the neoprene hood mockup. Like in the dip-coaed mask mockup,

I pleats to facilitate donning and doffing were added to the back com of the bead. Ile

hood only emaded down to the sboidrs duo to the limitins of the headform used.
"* One fabric hood was placed on the headform for use only as a conmuctdo aid.I The lenses and lem. holder were smaced to the fabric hood.
" One Tygon tube, 0.38 inches inside diameter, was attached k )rm a loop from the

chest area. over the lens holder, sad back to the chest am Another Tygon wobe

connected one side of the loop t the other side, passing uderneth the chin. Together,3 these two rbes formed a sirmla- face seal/air Inlet dua
* The sc=nd fabric hood was placed over the lens bolder and g!ued to the Tymon tmbing,3 thus forming the suspensio. The faepiec area of the 1up1mio, wa cut out. The

suspeansion was placed on top of th *face seal" so that the tamion of the smupemin
I pulled the face seal down onto the face.

* The Barricade* facepiece was cut w fix= the nosecp, macwed with glue, and trmmed.

I
1 4'

I
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The fabric hood was placed on the headform and glued onto the suspension. The mask [ U
mockup was then removed from the headform.

S Thle inner fabric hood was cut way from the mask and removed. [

* seA hole was cut in the BanricadeP facepiece and the Survivair* check valve assembly

installed. I
Holes were punched in the top of the lens holder and throug the Tygon tubing for

inhalation air. i
The fit of the mask was basically good, but the lenses didn't provide sufficient field of 3

view. The corner formed by the interecion of the front and side lens panels also protrded too far

from the face. A redesign of the lenses would be required to miamize the eye relief and to decrease [I
the profile while increasing the overall field of view. Drawings were made of an improved design

where the front surface of the leases Wa a very large radius of curvature (about 10 inches) with I
smaller radii on the outer sides of the lenses for a wrap-aroun effect (refer to Figure 21). The

inhalation check valve assemblies were aurned to the lens holder. These assemblies were angled to

lower the profile, but this action results in a smaller flow path. Optical correction inserts of -9.00

and +8.75 diopters are shown in the emr-section view. Aitough the design was improved over the

flat lens design, the basic design did not seem capable of pmviding a low profile mask which could

be easily folded while minimizing air flow restrictions and being durable. Even with the lower

profile of the large radius lenses, it was apparen that the lenses wmuld be too large. Also, the

transition between the front and side lenses would be stceptible to breaking, such as that occurring at i
the bridge of the singie-lens masks. Th Increased vertical height of the lens holder due to the check

valve assemblies would impede folding for storage. Increasing the check valve c -secto area am

only compromises the lens profile and the eye relief. The curvature of the face, especially at the chin

area, doesn't leand itself to a fabric faMiece. Pleats would hae to be provided to accommodate the

sharp curvature which would inrease the difficulty in sealing the seams. Hen sealin the hceiece

to the air management components wosld be made more diffcult due to the raised portion of the

pleats. Bonding these components with adhesive could best be accomplished by using a 'thick fdm*

adhesive which would seal wound the pleat.

4
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3.3.3 Results of Mockups

The fabrication of the mockups generally identified design concepts which should not be U
pursued. For insance:

The inhlation check valves should not be mounted directly to the lens bolder

since the low profile tens is a direct contradiction to increased flow rea (I.e., I

decreased flow resisac).

" The added weight of a nosecup seal is undesirable and would likely decrease the 3
ability to fold the LPM.

" Rectangular check valves sk-w performance similar to the C23 check valves

tested; however, if the rectangular check valve is located perpendicular to the

face, the tow profile is negtively impacted. The recngular check valve can be 3
angled relatively to the faca, but the flow path ea Ls decreased which results in

higher flow msistance

An eastomeric f'tcepiec•bood design Is advantageous because a surety hood can

provide better fit for a lUrger population size;- however, aiding a fabric substrateU

or luasi*g the hood thickus for the durability or for chemical protection

tsirdwill decrease the strechaidity. .
3.4 Prow e Generation And Fabricatiou,

The lessots learned during the mockup stge were usd to develop a prototype desigi"

The description of the design and fabrication for each -ompo1em is presented separately below;

however, these components were sculpted tam molded in parallel due to time consideratio. Changes

which evolved in one componen usually affcP IF the adjacent components. Also, the wick lnsd

in molding one component usually beaeflied the molding of the successive components. For

discussion purposes, the components awe preamted in the folowing groups:

L ease and leas bolder3
* Air g components

* Fileru•sembly

44
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0 Facepiece

* Hood

* Suspension

3.4.1 Lens System and Lens Holder

The visibility provided by a protective mask is one of the primary churactwistics on

which : mask is judtW nd accepted by the wear. Vision cuir and field of view mit be

mauimized to ensure that the soldier's miss'on can be accomplisht. Therdom the leas systm and

the lewn holder were made the centerpiece of the LPM design with the other component destigned

fit with tbe lens system. In the LPM, the leas system consists of primary lenses for dheical

protection, optical correction insems and laser protection outsests. The basic design requirements for

the lens system and lens holder are (refer to Appendix A):

* Provide chemical protection for 24 hours

* Withstand decontaminam and other chemicals, such as fuel and oil

0 Provide an intmar-illary distaxe of 57 mm (64 mm st the most) with the disuzzce

between lem.s minimi:-ad (ref 32)

* Provide an eye reief (the distance between the pupil and the imer surfim of the

ptimay lens) of s.onuld optimally 18 mm and a maxinmm of 25 mm

* Provide impact resisunc:e in cordan with ANSI Z97.1-1979

• Acommodate optical correction inserts having a minimum range of -7.00 diote to

+ 1.l12 dkpes.(ref I1)
* Ensure that die optical correction i and las protection ouserm do not ir

specia toos r installing or removing.

To gen, ane a le design, a layout of the human eyes wu made based on the

requr e above and some asswuptions As shown in Figure 22, the cenr of ey teution wblhk

is critical for vision acuity amd field of view wa takeW to be 14 mm behin the cmeal a (ref 33).

" The stop distance (back pole of the l= to the center of rmotio of the ,ye) is geWilty takma to be

25 nm for optical correction Slasses. Howeve, this results in an M relief of only II mm (0I.43

inces) while a minimum eye relief of 13 mm (0.50 inches) for anthropo i rea s in
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recommended in reference 10. The latter reference also states that current optical w-S.-tion leses

are designed for a 9 mm to 15 mm standoff with a 5 degree pantoscopic tilt. Based on this

information, the eye relief of the LPM was taken to be 0.50 inches. The normal field of view with a

mask (ref 10) is also presented in Figure 22.

For maximizing vision acuity t1roughout the lens field of view, a number of design

guidelines should be considered. Some of these guidelines are as fllowsi

"Optical aberraions should be made theoretically zero for the prinary line of sight They

should also be minimized throughout the filed of view to the degree possible as facial

featres and other mask components allow.

"The optic axis of thd, leas should pss trough the center of rom on of the eye. When

the visua axis and opdc axis are cnincident, the visual axis is perpenicular to bcth leas

surfaces. For any other viewing angle, a lerr, designer is able to anticipae the spec~fic

location in the lens through which the visual axis wil! pass and by appropriae desiMn,

the designer can predia and control iaup qualiry.(ref 33)

" Lenses shall be as thin as possibie and have a low rfactive index to minimize

disortioe.

"* Rigid leas provide advantages over flexible lenses relative to optical quality, chemical

resistance impac resistanca, and abrasio, ch.acteristics.(ref 10)

" lThe leases should be as flat as possible to minimb - eye relie. Also, a flat profile in the

vertical meridian provides zero vertical prism, thus elminn a cas of misjudging

height and angular orienttion with horizonta! planes.(ref 8)

" The lenses should be roted downward about 3 to reduce glare and glint However,

this rotation will result in a change of power, both spherical and c,,lindrical, if the optic

axs fils to go through the cente of rotation of the eye.(ref 33)

* Multiple lens sufaces increase the amo of len refriatios thus potenially creating

ghost images. Ant-rIlecdv cown which are rvailable will redu this effect.(ref 10)

Face-formintg the lenses tends to cae the optic axes to roe ehward. This action

changes the performance of the lens, but it can be correct by deceneing both leases

outward so that the optic axis passes through the center of rotation of the eye.

However, the combined rtation and decemering causes unwanted horizontal prism.(ref

33)
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3.4.1.1 Primary Lems

The primary lenses mtst provide the 24-hour chemical barrier required by the LPM.

These lenses must also be foklable for easy storage. Because rigid sing!e-leas winrdhield designs are

susceptible to breaking at the aasal bridge, the primar ense could be made from a flexible material,

two separate lens--, or a rigid hinged design. The primary leases must meet these requirements, while

not significantly degradir, ,be wearer's visual acuity and deptt af field.

Although ba/listic protection is not a requi-emet of the primary lenses, it is a

requirement of the LPM If= system. The basic desiga approach fr the LPM has been to design

multifuncional pars to raauct the number of parts, thus leading to less weight and lower profiles.

Therefore, the decision was made early on to use two sapae primary lenses made fom hardco2ed

polycarbonate. The hsrdcoating is necessary for improving iae abrasion resistance of polycarbon,,e.
If the ballistic protection was not built into the primary lenses, it would either hare w be provided by

the laswe protection outserts which may not always be won., or by a separate alditional leas. Other

advantages of the seleced design over flexible leases are improved optical properses, improved

chemical protecdon, and elimination of compression se (can occur to flexible lenses while folded). A

binged windshield desi-n was not pursued since it vws felt that sealing the hinge agas chemical

agent penetration would be difficult. The selected two separat polycarbowate lenses would be

mounted in a flexible lens bolder which allows folding berwee the lenses. The lens holder could also

accommodate the mounting of both the cpti-u correction inserts and laser protection outserts.

During a study of lens desi- '. 1 8), a mnmber of concepts for a primzry lens were

proosed and evaluated. These concepts will be d-scused relative to the LPM 4.cign. All of the

proposed concepts w-.e flat in the vertical meridian. Concepts A and D had circular borizontal radii

while concept while coucepts B and C bad varying radii in the borizoatal plane.

Concept A had a borizontal radius f 145 mm with a large decoraton (refer to Figure

23). The optic axis for the rigb eye was locaud in from of the left eye and vice versa. Concept D.

presew ad it, Figure 24, consistid of two desigas: one leas deign uad a borizol radius of S9mm

while the otber lens design Wad a radius of 7612 m. Bot concept D lemes had modere Icas

deceeamion with the 76.2 rmm radius lz imviding more clearance fr combat specircles. Also, the

76.2 radius lens provided better optic properties than the 58 mm lens.

Co"cc B was a one piec windstield design having a fairly flt froat curvare and a
steep wrap around curve at the outer periphery (refer to Figure 25). 7is ome-pieco design was wt
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FIGURE 23: CIRCULAR HORIZONTAL LENS: 145 MM (REF 0)
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3 FIGURE 24: CIRCULAR HORIZONTAL LENS: 76.2 MM (REF 0)
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FIGURE 25: WINDSHIELD DESIGN, SINGLE LENS (REF 0)
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I considered for the LPM due to the increased chance of breaking; however, concept C was the same

as concept B except that the windshield design vas *cut" into two separae lenses.

Several primary lenses were provided by CRDEC for reference and possible use. One

lens is used in the Aircrewman Protective Mask (ACPM) while the other is a lens system called the

Protective Spectacles System (B/L.PS).

The ACPM primary lens, presented in Figure 26, is a two leas design 4aving a small

size. Both the horizontal uad vertical radii are relatively small. CRDEC has prototyped a corrective
lens humrt also shown in Figure 26, for the ACPM lens. To provide a large field of view, this

primary lens would have to be placed very close to the eye.

The B/ILFS lens system is manufactured by American Optical Corp. (ref 34) and consists

of a primary lens, corrective lenses, and laser protection (refer to Figure 27r. The primary lens is a

single lens design suspended by standard templesnosepiece, and sideshields; however, these parts can3 be easily disassembled. The primary lens is made from polycarbonate. The optical correction lenses

are mounted in a hinged carrier which is sn3pped into the back surface of the prinmary lens. The laser

i protection outsert is a green-colored single lens made of polycarbonate which mounts to the front

surface of the primary lens. The profile of the laser protection outsert parallels the contour of the3 primary lens.
Some sportwear protective glasses were also purchased, including SCUBA diving

goggles, swim goggles, water sport goggles, and general sport goggles. However, it was felt that the

ACPM and B/LPS lenses were more suitable for the LPM design than theme commercial lenses.

To facilitate prootyping of the LPM, it wa decided to use an edisting lens instead of

forming a new design. The B/L.PS lens was selected over the ACPM !ens because the former was flt

to provide a larger field of view, morn suitable for corrective lens inserts, and the larger vertical

radius better for vertical prism. Ten B/LPS systeu were purchased with each system consisting of a
c:ear primary lens system 0.e., temples, nusepiece, etc.), a bronze primary lens system, and one laser5protecton outsert. Becai the mprtimy tens is a oao-piece design, the clear leases ad to be cut apart

and shaped. These lense were used in the finzl LPM protoypes.

The polycartoae lesemm woud need to be hatdcouad to withstand the abrasion and
dce mical da resisam requiremem of the LPM. A number of hardcosting m-tuials are3 resently available or being developed (ref 4), including Euem Corporation's S-28 and S-30 Glass
coatings, as discussed in Section 3.2.1.4, might also be used. Because hardcoating doesn't effect theI
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I basic functionality or appearance of the LPM prototypes, it was felt that the hardcoat could be better

defined at a later development stage.

To improve the vision field of view provided by the B/LPS tenses, a new lens design

was investigated. This new lens was designed based on the following guidelines:

"The vertical profile is fMat to elimiiate verticl prism and to minimize the eye relief. An

added benefit is that the flat vertical profle simplifies lens fabricati sinc the ecuvatWr

is in only one plane.

3 The primary horizontal radius is 3.00 inches with the optical axis of the lens passing

through the cente of rotation of the eye. This horizontal geometry is shown in Figure

28. The 3.00 inches was the smallest radius felt rossible which would provide sufficient

clearance for the optical correction inserts. The range of optical correction was assumed

to be -7.00 diopters to +2.00 diopters. The eye relief was taken as 0.75 inches.

"* To provide a wide field of view and a close-firting profile, a small horizontal radius was

placed at the outer sides of the primary lens. To minimize distortion at the transition of

the primary radius and this secondary radins, the tangent line of each radius was taken

I as coinciden. Otherwise, the trstion between the two radii would be visible to the

wearer as occurring in some single-4ens safety gla .

I To make sure that the wearer's two eyes were lookina through the same angle with

respect to the lens surface, the primary radius was extended out to the same ange which

could be seen by the other eye. In other words, the inward field of view of 60" was

I taken to be the outward angle in which the primary radlus and the secondary radius

shared a common tangent line.

I 7Te secondary radius was selected to provide sfficieat clearance between the outer edge

of the lens and the wearer's head 5Dr the lens bolder and inlet air duct.

3 The lens is made from polycartooam having a thickness of 0.12 inches. This thickness

was selected because a les 3 mm (0.11I inches) are recommended to mee the Impact

3 resistance of ANSI Z87.1-1979 (ref 33 and 0.12 inches is a radily railable thickness

for theamofbrming.

I
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I This improved lens desig . incorporated .-.to the LPM design as shown in Figure 29.

From this drawing, a mold profile and a flat lens pattern were developed (refer to Figure 30).

A male thermoforming nmold, shown in Figure 31, was then fatricated from aluminum. A
polycarbonate plaque was clamped on top of the mold and heated until the plaque conformed to the

mold shape. After cooling tbe resulting lens plaque, fiat panens of the lenses were glued to the
plaque and the lenses cut out. Some problems with shaping the plaques apd air bubbles were

I encountered while trying to thermoform the !enses. Details of this process and the experience gained
can be found in Appendix E. Some good lenses were completed (refer to FigUre 32); however, due
to time and cost constraints, a lens holder for these lenses was not finished.

I 3.4.1.2 Corrective Lens Inserts

Corrective lenses are generally ground from lens blanks having a standard base curve on

one surface and the other surface being ground to provide the prescribed correction. The optical

I correction range initially required for a I to 99 percentile population was assumed to be ±9.00
diopters.(ref 10) To achieve this large range of correction, two or three standard base curves would

I likely be required.(ref 35) Two base curves were then selected where the front surfaces would have a

curvature of +2.23 diopters for the minus corrections and +8.62 diopters for the plus

corrections.(ref 36) To make the various corrections, the back surface of the lens blank would then

be ground.

The focal power of a lens curvature is described in terum of diopters which is related to

curvanure radius by the following equation(ref 33):

I F "
r

I Where: F refracting power in diopters

r radius of curvaanr (meters)
a index of refraction of the lens material

The resulting power of a leas consisting of two surface sevaur is determined by the

back vertex power (F,) found by the following relation(ref 33):

I
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Fv -FI + F2 + F12
C

Where FI power of the tens fron in diopers

F2 power of the len back in diopers

t lens thicknevs at the optcial crater in meters

a inda of refration of the las materia

The LPM corrective inmrare made fnm poiycabo•m due to the rmoas discussed in

the previous section, including light weight, impact resistance, and thinner edge. Because the ballistic

protection is provided by the primary leng, the correctiv s e only need to meet the thickon

requirements for normal eyewew. the minimum thickness for polycarbo leases is 1.5 mm while

the minimum for gliss lees is 2.0 mm.(ref 33) Using the above equriows and minimum thickness,

the shap of the optical correction lerses could be determined where the index of refraction for

polycarboaate is 1.586. Drawings of some lees blanks using two baue curver are shown in Figure 33

for the corrective range of .9.00 to +8.75 dioptes

The hioh plus corrective leases do not easuiy wtepate with the primay lemaes due wo the

differees in radii; the front surfce of the high plus leam and the flat vertical meridiaa of tUA

primary lema rwult in a larger than desired eye reief. The eye relief could be reduced by red, c

the size of the optical correction, but ftis action would also reduce the fleld of view. Toeo

of th@ high plus lases could also be diffcukl since the correction fme inmt would have to be

attached at the bar-k of the lem which could also neptively impact the oy relief required. A study

provided by CRDEr (ref 11) duribg the course of this program prMeuse new in•xmatioa on tie

optical correction range reuirat . Tis stady wa a survy of infantry awoore which found that an

optical correction rane of -7.00 dioptm to + 1.12 dlopters correpooed o the population rang of I

to 99 percetile. 'his reduced raup of correction ws then used u the rqWrounmt for the LPM.

With the red-imcd range of opti• ac io one bue curve wu selected which could

MM the Itos emqireme w Drawin of the optical correction lme wre made having s +2.23

dp•wr errvmn on the fti suitrkc• having a rage of-7.64 to 4 '%18 d&peM (refe 10 Fg=ur

34). 7a cooon bme cae also makes a comom n Machiam maofd poulle.
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FIGURE 33. OPTICAL CORRECYJON LENS BLANKS: t±9.00 DIOPTERS 3
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Common Base Curve
10.35 Inch Front Radius

+2.2 Diopter Lens Lens Blank -7.5 Diopter Lens
(Flat Back) 3.50 Inches Diameter (2.375 Inch Back Radius)

Figure-s Are Drawn For
Polycarbonate Lenses

And In Half Scale

FIGURE 34. OPTICAL CORRECTION: -7.3 TO + 2.2 DIOPTERS

With the optical correction lenses dtfined, the lens frames needed to be defined and

prcctyped. Generally, an eyeglam. weuve selects a frame and the lens is cut from the les blank so

thr. the lens shape fits the frame rhile the optical axis of the lens coincides with the wearer's

puprtillary distance WD). Prese, y there is no s•ndardizatien for dWfining the lens shape; the

frame manufacr- supplies lens patterm, called formers, zo ••t out the le,.(ref 33) To faciliate

protir-.yping, a commercially available lens frame was found wh;,h -rximsA the desired shape of

the corrective lenses as presented in Figure 35. Two of these •,', wen purchased with one frame

fited with +2.00 diopter polycarbonate lenses ad the other fited with -7.50 diopter lenses (refer to

Figure 36). One frame was then modified and fized with mounting tabs to make a mile positive for

molding corrective leas insert frames. Th tab design was used bemse they cod be mounted in

marchin holes in the flexible lens holder without the use of tool.

The purchsed eyewear frame was cut into two lem frames and the excen maiteial

ground off. Tabs were cut from plastic having a 0.06-inch thicknesL. Te tadex (penertrxocinom

the lens holder) and length had to be made sufficiently long stha the corrctiv le insrs did

fall out or rotate out of alignment during faci movements (the cut frames with corrective leases

installed ;re presented in Figure 37). These tabs wet then macbed to the top and bottom of each

frame using adhesive. Epoxy adhesive was then used to form fillets at the tab and frame interfaces to
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facilitate demolding. The modified frames, being the male positive, were sprayed with Fluoriglide I
(Appendix D, no. 27) parting compound and allowed to dry. HS II RTV* silicone molding

compound (Appendix D, no. 16) was used to form the female mold. 'This silicone is a two-part I
c-mpound whih is relatively easy to work with (24-hour cure time), has higher strengths than some

other silicones, provides excellent replication of fine details, and generally does not bond the molded I
part.

A layer of HS 1 RTV• was mixed and poured into the bottom of plastic box. The

silicone was used because of its flexibility in case under•.-us were formed in the mold. The plastic

bo,- which was rectangular in shape proviod the containment for the mold, both during the mold I
fabrication and during the pouring of t~e final parts. The .!ctangular shape of the plastic box

provided a means of registering the two halves of silicone. The male positi-les (i.e., the modified I
lens frames) were fitted with the purchased optical correction lenses and were sprayed with silicone

parting compound. These male positives were then laid on top of the poured silicone, t-king care that

the Filicone did not flow over the top of the male positives; otherwise undercuts would havt been

frmrned. As the silicone began to thickei. 0.25-inch diameter dowel pins were placed adjacent to the 1
frame tabs in the vertical position. These dowel pins were used to core filling and venting holes into

the silicone. The length of the dowel pins were suffir ,-m to extend out the top of the plastic box.

After the silicone was cured, the male positives were removed from the mold and the!

corrective lenses rewoved from the male positive. The top layer of the cured silicone was then .

sprayed with parting compound and tte male positives were placed back into the mold. Another I
batch of HS U RV', was then mixed and poured on top of the mold assembly until the plastic box

"-as filled to the rim. The. irrective lense from the frames were removed so that the top layer of

silicone would replicate the bev,-' inside the lens frames for mounting the corrective lenses.

After the silicone was cured, the mold was disassembled and the male positives and I
dowel pin cores removed. The mold interior surfaces were then sprayed with silicone parting

compound aW the mold reassembled into the plastic box. Holes were drilled into the box lid to I
correspond to the vent and fill holes. This lid provided compression to the silicone molds so that the

cast material would not separate the two halves, yet the compression was not enough to deform the I

mold. TC 2510 epoxy (Appeudix D, no. 10) wa :hen mixed and injected with a syringe into the

mold. While filling, the mn.w was held at a slight angle with the fill hole below the vent hole. This

action resulted in the epoxy filling the mold cavity from the bottom, thus displacing the air up and out

through the vent hole. Wle'. making the mold, the male positives were oriented so that the longer I
64



base of the cavity was at the bottom if the mold during filling to eliminate high spots in the mold

%hich could trap air bubbles. After the injec:ed epoxy was flowing from the vent hole, silicone

grease was placed over the fill hole as a plug to keep the epoxy from running back ouz, since this was
a low spot in the mold. The filled mold assembly was allowed to set while the epoxy cured. After

demolding. the epoxy in the fill and vent holes was removed along with the flashing.

In the first mold attempt, a silicone parting spray was used between the two silicon3 layers without success; the mold had to be carefully cut apart. Although the resulting mold was not a

quality mold. the flexibility of the silicone was forgiving enough that the moid was still functional.

3 One method to reduct the sLie of the optical correction insert without reducing the

corrective lens is to use a split frame design. A frame, similar to that cast, could be used where the

frame not adjacent to the mounting tabs would be removed (i.e., a non-continuous frame). A fixture

could bt used to locate the frame tabs to the lens while bonding with an adhesive or integral casting3 the frame tabs to the lens. This design was not pursued during this development phase, but could be

impeemented at a later stage.

3.4.1.3 Laser Protection Outserts

The laser protection outsers were to be based on the B/LP5S laser protection lens. The
lens material would be polycarbonate. Because the primary lens would provide ballistic protec.ion,

the lase protection outsen only needs to be thick enough for common handling which is abotrw 1.5

mm (0.06 inches). The lens profile would paralle; the primary lens to minimize visual distortion.

This lens would also be mounted with the primary lens in a common lens holder. However,

difficulties were encouatered when sculpting the small thickness desired to mount the laser protection

lens. This fact, combined with the time considerations involved, resulted in the decision to not
include the laser protection outsert into the primary lens holder. The laser protection outsert could be

I mounted into a separame lens holder having an independent suspension. Again, due to time restraints,
the laser protection lens and lens holder assembly were not prototyped.

3.4.1.4 Lens HolderI
The lens holder provides a suspension for the primary lens, optical conection er'ts,

and the las protection outserts while providing the proper standoff from the eyes. The lens bolder
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must also accommodate interfaces with the air management components so th-t dry, inhalation air I
passes by the lenses for defogging purposes. Making the lens holder from an elastic m2terial wou'_

allow the lens holder to fold at the nasal bridge to facilitate stowing. i
The primary lens would mount into the lens holder by fitting into a U-shaped channel

molded into the lens holder (refer to Figure 38). This channel would run continuously around the II
lens perimewte and provide a good, tight fit on the lens. The primary lens could be bonded into the

ciiznnel with a sealing adhesive to prevent chemical agent from penetrating by capillary action or

during flexing of the lens holder. The sealing adhesive would not allow removal of the lens during

norma, use, but it is very lightweight and has a low profile when compared to a mechanical mounting I I
system. The adhesive could be removed at the depot level if the LPM is to be refurbished for a

longer service life.

Flage For Facepiece
Attachnmez (

Lens Holder

Face

OpticalI

Correctinn

F~ SealOutsertI

Irha'ation

Check Valve I
FIGURE 38. LENS M#1OUNTING DESIGN
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I The laser protection oursert would fit into a U-waped channel similar to that used for the
primary lens, except that the channel would discontinued at the outer side of the lens. This channel

attachment precludes the use of tools for installing/removing the lenses and can be performed by the
wearer during LPM use. By leaving the outer side open, a *handle" can be provided for gripping the

lens during installation/removal which would not significantly degrade the wearer's field of view.
Mounting the outsert lens directly to the lens holder eliminates the need fNr an additional lens

suspension and the accompanying weight and volume. The small flange between the primary and

outsert lenses caused by using a U-shaped channel mounting provides a small standoff which prevents
3 the two lenses from scratching each other.

The optical correction insets would be mounted to the leas holder like the other two3 lenses, except that the U-shaped channel would not be continuous. The tabs protruding from the top

and bottom of the insert frames would be inserted into matching holes. The depth and length of the3 tabs need to be sufficient to prevent the inserts from falling out or misaligning during facial

movements. Continuous channels were not used for mounting since the material thickness of the lens

holder covering the nasal bridge must be minimized to minimize the spacing between the primary

leuses.

R'anges would be placed along the perimeter of the lens holder for attaching the

facepiece to the lens holder. This flange allows compression of the lens holder tu the facepiece

material w-hic.i would be needed for a heaz seal or an adhesive joint. For adde strength to the lens

holder, the flange was located opposite of the primary lens to increase the material thickness at this
location. This increased material thickness also would provide greater permeation resistar ce to

chemical agents. The flange would be in the same plane as the primary lens except at the ao bridge

since the primary lens is closer tothe . The fl&nge would likely go above the lens plane and

merge with the other lens flange of the other eye. All of the flange trans.aons should be smooth for a

better seal with the facepiece.

I The air inlet ducts and the inhalation check valve ducts would be attached to the leas
holder to completely teal the inh.arion air. The leas holder could be formed to surround the duct to3 provide more surface area for a, adhesive joint and to provide a better seal than a butt joint. The

transition of the lens bolder to the ducts should be tapered so that the facepiece will properly seal at

the lens holder/duct i

The lens holder seals each eye separately. The seal could be made by incorporating lips

into the lens holder or by closed-cell 'oam attached to the bmtom of the lens bolder. The foam seal
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design was selected over the lip design because it was felt more compliant to fit over a wider range of I
peuple, would be more forgiving to seal during facial movement, ar& would exert less pressure on

the face. The minimal clearance between the primary lens and the nose does not provide very much I
room for a lip seal design and the length of the lens holder covering the nose was minimized to

provide a better fit for various people. :
Based on the above design approaches, a layout drawing was made of the lens holder

and the interface with the air management components (refer to Figures 39 and 40). Laser protection i*.

outserts were not included because it was decided to not incorporate these lenses to reduce the time

required to produce actual parts for evaluation. It was felt that separate laser protection outset could

be mounted in a separate lens holder at a later time or to incorporate them into the lens holder during

a later prototype iteration. Dimensions of the positions of the lenses were provided to the artist for

lens holder sculpting. Preliminary sculpdng of the lens holder was compieted with soft clay to

provide a three dimensional moel in a timely fashion (refer to Figure 41). Some details of the lens

holder, such as the facepiece attachment flanges, were not representd in this preliminary sculpting

because the clay used wasn't stiff enough to form these thin parts. All of the details would he added

to the final sculpting for molding.

The final sculpting was produced from Chevot Clay* (Appendix D, no. II) due to its 3
high stiffness aix, strength. This clay is a day and wax coaxposition which can be melted

(approximately 200" F) and sculpted to produce fine details. Before the lens holder could be

sculpted, a face seal w..; sculpted since this seal provides the base of the lens bolder. As presented in

Section 3.4.2.3, the sculpted face seal and headform were cast into a female mold of Hydrostonc'

(Appendix D, no. 18) re.,orced with burlap. A male headform with an integral face seal was then

cast from Hyuv oszne. The Chevot Cay was then placed on top of this latter headform and

sculpted. Care was taken during sculpting to form a symmetric lens holder about the eyes. The len s

holder was coa•pleted up to the top surface of the primary lenses allowing easy removal of these

leses. Sculpted ihalation check valve ducts and air inlet ducts were made from Chevom ClayO to i
define their interfaces with the lens holder. The final sculpting of the lens bolder is shown in Figure

42. Te openings for these terfaces were cut into the lens bolder. Some soft clay was then inserted 5
into the ices so that the eye cavities and the outer female mold half would be separate; otherwise,

the urethane lens holder could not be demolded. Short tabs ihowing the outline of the insert would

be molded into the lens holder and the prom bole cut out of the lens holder after dernolding.

Cutot were also placed inside the le[s bolder for mounting the optical correction inserts. The sides 3
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FIGURE 41. INITIAL COMPONENT. SCULPTING

ofthe lens holder were then smoothed out using a hot-air gun. A top layer was then made to form

the cup to mount the primary lenses and to form the facepiece attachment flange. A sheet of clay

having a thickness of about 0.06 inches was made and the top layer formed from this sheet.

Although the Chevot Clay3* provides a relatively high stiffress, it is also relatvely brittle du-- to its

wax composition. The facepiece mounting flange could not be formed as desired since the

unsupported edges of the top layer kept breaking off. Therefore, the supported tlange was made wide

enough to attach the facepielce. except in the nose a.-ta where only minimal room was available. This

approach was taken instead of significantly incre~asing the top layer thickness which would negatively

impact the field of view. The top flange was attached to the lens holder base with the hot-air gun

which was also used to complede the final smoothing.

Before the female mold tvuld be made of the lens holder, some preparations had to be

completed. Some 0.25-inch diameter holes were drilled into the Hydrostane* head to install some

registration pins: one pin was placed above the nose, one below the mouth, and one in each eye. A

layer of parting compound consisting of bees wax and toluene was applied to the clay lens hn'4er and

the headform and allowed to dry. Two more layers were applied in the same manner. Some metal-

filled ep~oxy (Appendix D. no. 20) was then mixed up. A thin layer of epoxy was brushed inside the
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eye cavities and allowed to cure. Successive layers of increasing thickness were then applied and

cured until the leas cavity cores were completed. Two dowel pins were cast into the top layers of

each lens cavity core to positively register the cores to the top female mold half. Three successive

layers of parting compound were then applied to the tops of the iens cavity cores. Like the lens

cav-ty cores. the outer female mold was generated in layers. A clay dam was first formed to conti

the epoxy. The first several layers were thin to replicate the sculpting detais. The latte iayers were

relatively thick and reinforced with fiberglas cloth. Ile outer female mold half, as shown in Figure

43. was made relatvely thicV. for 11 cgth purposes. Once the epoxy was cured. the mold was

disassembled.

FIGUE 4. EPXY ENS OLDR MLD: EMAE HAF AD EY CAUI1
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However, the facial surface of the Hydostnoe male headform separated from the headform. This

suface broke into numerous pieces and included the eyes, nose, cheeks, and mouth. The damage

could have resulted due to the drilling of the registrion pins since the perimeter of the separadon ,

was coincident with these holes. Although the separated layer was thin, the male mold half was not. ,|
usable for casting lens holders. The other mold pieces were succesz.ful n the clay was removed. A '3
new male headform with an in-gra face seal was then made from epoxy !o complee the lens bolder

mold. I
The ociginal he~dtorm having the face seal sculpted onto it was used to cas;t a female

Hydrostone' mold half for the face seal. As will be discusse. in Section 3.4.2.3, this female mold 3
half was broken during casting of urethane foam face seals. An epoxy female and male face seal

mold was then cast from this broken female mold which had an intt face seal cavity. The epoxy 3
female mold half having the face seal cavity was used to cast a meoal-filled epoxy mile headform with

a positive face seal. The proceures for casting were the same as that for the leas bolder mold. ' -

Parting compound was applied to the female mold and buffed after drying. Two more layers wern

applied in the same manne and a silicone parting spray applied. Thin layr of epoxy wee urst

applied for replication. Thicker layers were then applied for strength. Beczuse of the method of

making the female epoxy tmold, some undervius were present which made de4moding very hard. The
female epoxy meld broke into about 15 pieces which would not be practical to repair. In hindsighr,

the female mold should have been heavily reinforced prior to casrt the matching male half.

However, the resulting male beadfurm was u.2ble and cleaned up. As this maleI

headibim was assembled with the other lens bolder mold pieces, it was evident that the male

beadlonn did not p',ope, y f It was ot claw if the improer fit was due to the method of making I
molds from molds or if srinkage of the epoxy caused the female mold to have a smaller c=rvanr
since this mold wa not heavily reinforced. Pamu of the male headform which were believed t be

causing terference were ground off and polished, although the fnal fit was still not good.

Unlike the male headfoxi cut from the epoxy female face seal mold, the leas holder

female mold fit properly wit the epoxy male face seal mold. As mentioned above, this imples that

tMe curvature of the epoxy fmale face seal mold changed duje to shrinkage. Becas of the beter fit I3
a leas bolder was using the epoxy male face seal mold. However, this mold has a aegaive face

cavity to cast complete face seals. To fxm a positive face seal, a urethane foam face seal was placd II
into the negative face seal cavity. A fill bole was drilled into the epoxy female leas older at the top

of the lens holder, above the nose bridge, ad perpendicular to the faI This Ml hole would vent the
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air displaced during urethane pouring. The cast urethane fill hole would also be easy to trim away

without effecting the surface to be joined to the facepiece. Silicone parting compound was applied to

all of the mold surfaces, but not to the urethane foam face seal. The urethane lens holder wz to be

cast directly to the face seal. UJrethane, TC 960 (Appendix D, no. 7), wau mixed and devacuumed

while in the mixing pot. It was then poured into the mo•d and allowed to cure. The urethane foam

face seal helped to seal the assembled mold, thus preventing the poured atehane from leaking. After

curing, the headform was eas;y removed from the mold, but the cas urethane could wo be removed.

Previous casting of the urethane with the silicone spray parting compouzi was succersful on

polycarboname and aluninum, but the urethane adhered to the female epoxy mold. The urethane did

not adhere to the epoxy male mold, or for the mos part, the epoxy eye cavities. To rem -dithe

urethane, it was soaked in acecone and cut out in small pieces. The acetone greatly reduc&

strength of the urethane without effecting the strength of the metal-filled epoxy. Demolding Aso

not helped by the amount of undercus present in the mold and by the fac that the eye cavity cores

could not be pushed out ot the female mold half. Relatively large air bubbles were present in the top

inside of each primary leas cup due to the curvature of the leases; otherwise, the cast urethane was

basically free from trapped air. In addition, insert castirg the urethane foam face seal with the lens

holder wu unsuccessful because the cast urethane was akjorbed into the urethane foam.

Some mold modifications and a new parting compound were used in the second leas

holder casting attempt. The fll hole was enlarged to about a 0.75-inch diameter. Vent holes having

a diameter of about 0.50 inches w-.s drilled pzrllel to the fill hole above the location of thetrapped

air bubbles. Two holes were drilled through the epoxy female mold half so that the eye cavity cores

could be pushed out. These holes were locae betwfetn the two registation pins located in each eye

cavity core. The registration pins were also t shorter to facilitate demolding without losing the

registra-ion (tho pins were not eucdy parallel which caused binding). A new parting compound foe

epoxy systems, Epoxy Parfdrm (Appendix D, no. 12), was also used. The epoxy headform cast from

the epoxy female face seal mold was used evea though it did not have a good 6, since it provided a

positive face seal. Each mold part was coat three times with parting compound as the mold was

assembled. Soft clay was rolled into a long gasket and placed around the periphery of the female

mold. This clay filled in the open cavities left by the improper mold fit w prevent the poured

urethane from leaking. Urethane TC 960 was mixed and devacuumed while in the mixing poL The

mold was elevated about 30" to allow the air bubbles to vent The urethane was then poured and

allowed to cure. Demolding proceeded smoothly by removing the male heaform and slowly pushing
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the eye cavity cores out with a hydraulic prms. The leas holder was then completely removed by

cuting througb the urethbae fill and vent holes. This mold combination resulted in thick flashing

which was expected. The extra flashing was removed 23 much as possible anJ the duct inter-face

hols cut out. Some sm;'l air bubble: were pre..nt, but £hey wetc mostly insignificant. The most

negative aspects of the resulting leris holder was the extra, terial produced by the imprper mold fit.

Mhe nose bridge area and the part in contact with the forehead are the rrst nuticeable which also

ainder folding of the lean bolder. The increas4d weight and bulk are also undesirable.

Becat-e the epoxy m.,1e face sal mold does provide a good fit with the lens ho.der

mold, this headform was used in the aet casting attemipt. To form a positive face seal from the

mgtive face seal caviy, a uredtane tbm face seal was uied. To prelucde this foam fronm absorir.

the cast uedtaaae, the urethane foam was coxed with a d in layer of TC 960 urethane aw insetud

intzo the m2le face seal mold. Epoxy Parfilm was heavily applied o all otf the mold pieces mold

during assembly. TC 960 urerhane was mixod, devcuumed in the mixinj; pot, and poured into the

mold. The resulting casting was proedy formtJ by the male face seatl mold and uretae foam fae

seal (refer to Figure 44). This method wus sed to cat the -ettaining prvwtM leas Ioklmr.

- - - 4 . -, , =,

* .4 4 .4.' ll• •. '-' E

S... .

FIGU - 44. CAST UIETAANE LENS HOLDER
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1 3.4.2 Air N.Mnagement Component.,

I The air management components dire( the clean air from the filter assembly to the

nosecup area via the lens holder .id passes exhaled air from the nosecup *o the ambient air. These

I componznts must seal the face area fron. potentaiJy contaminated air coming up c. ler the hood,

prevent moist exhaled air from entering the lens cavity to prevent fogging and a buildap of CC', and

prevent potrzially contaminated o'wiside air from entering the :,ce area through the exhaust chtck

valve. The ),zsic approact in designing the air management c. Apooe•ts is to seal the mi,'imum

I ;mount of area to reduce the size of the seals and to integrate the seals with the other parts to result

n multi.-nctional parts, 4aJi! to reduce attachment and the v' ,- ".ilC. As shown in Figure 40, the

5 air management compon-•ts irclude the air inlet ducts, the c ,h , : chek valve assembly. the chin

seal. the face seal. and the exhaust check valve assembly. Mw lenm bold~x also helps the proper

3 transfer and sealing of ",ar. but it is described unier the lens system. After each of the componocms

%as u,..ially designed, they wtre rough sculpted on a headform a a three dzimensional model to

provide a better tfel of the design. This rouge sculpting is shom in Figtre 41. Mold were thou

machired from aluminum to form represeative parm . -aiuadon. The machined molds were also

used to cast clay parts which could th•n be focmeJ to the face resulting in a morv symmeuicd

design an' assisting the ps,,,.Ing process. After f•mdig the day pats to the fa:ce auLds were

umade. aures were made, and the finl pamts cas.

3.4.2.! Irhaxion Check Valve Asse--ly

Two i~aL -ion check vAve asseemWi transfer air for Whaiun from th ic• s bolder 10

the area. As discussed in Sectins 3.3.22. C23 check valva provided by CXDEC are used

in tde assemblies W prev e aVll air frum emmrin te seU cavita. Thse SMMeus are also

k\'-zd cost to te m tuh o provide a smdofi ftr te maw amea w•ere ehaum check valve is

suspXadd from the f-- , 3. The bosom swram o( tIe a•ea is a sel 3 pravm kakge into

3 and from the n m ms aea. The dua wacb o the le r d which .-plew 6e seal aro,,d the

nose. The hiome of each -.i '-.valw assembly WkTces with the &lin seal to pr*VW eu alta5 anvund the chin. Th. ,cepw , is wathd to the top of the Wahaiioe chck *,lvc asnemby to

complete the resulting nose.-p.

I
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Based on Whe duct testing described in Section 3.3.2.1, the desired duct are- was to be

about 0.20 in2 to provide a suitable pressure drop. The cross-sectional area of the duct Ws
recungular to provide a mirinum pr'Ale (refer to Figure 45). The chack valve was located adjacent U
to the mouth area to provide sufficient s.,mdoff while minimizing the height adjacent to the lenses

which could hinder the downward field of view. ThI top of the check valve housing was made sol.d i 3
to prov;de a large area for bonding the facepiece to the inhalation check yalve asembly. The bottom

of the check ,-i ve housing was made ope, allowig the check valve to be installed and replaced if I
necessry. The flow of airthrough the assembly is through the duc to the top of the check valve,

down through the chtck valve, and out the side of the check valve housing. The C23 check valve is I
mounted to the housing h7 y. lip which is cast ino the housing. Angling the check valve was

ivestigated to reduce the fowim and to place the check valve normal to the air flow for less

resistance, but the angling only increased the standoff profile which is undesirable.

Lip seals could be platyp on the bottom surface of the assembly duct as shown in Figure 1
46. Two lips provide sability of the pnt on the face. The lip closest to the nosecup ar•a is turned

towards the mouth fer stbility and to pussiveiy seal under exhaled positive pressur The lip farthest j I
from the mouth is roned ow t passively sal agaius a negative pressure in the nosecup a-m TMe w

duct is separate frcm the seal ame to provde a higher level of protection in case the lip seals woul4

,ave some minimal lakage trgh one lp. The docision wal later made to make a single face sal
from a flexible foam. Te cbeck valve duct would sit directly on top of this foam s and t n i
the suspension *ýe from the facepiece to he foam seal.

Fla"e we:e plac on acub side of the d=c to provide a twnding area between the
ihalazio check valve as$ y ad te facepuec. Pruss could be applied to Dtse flangeu to f=es

the bOd sIe iPying mom thsO th dl as migt be diffic lot.

Became the &alad= ft Wdu wo xdperinc4a aeme presure PM e due dw uld MAI
U, IK Jesigaml V' ptoelli ir from coDa . S durinlg Whalaaline. Several methnods c=ul be boptemwd

10 Preitdu& Collqniqr the dect weils covid be stiff Ie which could degrade the Ait and Z4dability. a
-Wrede Wowmmr W meral wl be placedl Wkle C~-2 dut to provide support. oc lips earnW be noiii
Wastral wi the ducllt f redue m upo afteMW I

PrazaWs in F~gue 45 vs doe -I eezbem- dos* o( te Wbalatiom check Y.M
aukeWO. Fema molds d the pas ad de ox, weti mcbiaed from almlmu to reet th= I
deig Dbimloined d dawq coo be Ikmd im Appeaix C.
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FIGURE 46. INHALATION CHECK VALVE DUCT: LIP-SEAL DESIGN

The femal molds were used to form several clay parts of the check valve assemblies.

These solid parts were provided to the atist for fling to the face and integrating the Pa together

with Chevot ClI:6 (Appedi D, no. M1). :
The fim rsuemto a casting a check valve s ly using the machined molds was made

with tran-paze Sylgard 184 (Appendix D, no. 14) silicone rubber and parafin wax cores. The a

silicone was a room teser e =e uverial which was important so tha the parafin would not melt

prwvosauriy (pamU wax mets at approximazely 130 to 140" F). When making thec re for the top

of the check valve md ak duct, spacer material me fror Swad* (Appendix D, no. 22) wa I
bx dedd inmo the proafli. The 01S4Och 4m r regiostr pie loced the corn, to dhe mold a rtb e

chock valve Wat*4but n ohdo( pcn~ gthe topoftch ec mlc3 t on or the z 3 cm

was designed into die =ol There, small square of &.pre rubber having the proper thickness;

of 0.06 inches wa ptaced is the mold for ,•t rgist,-1a. Silicane paring spray (Appendx .. no.

23) was gmeroviy qVOWdi the pa x 4 'hemL, -a nseibld. Siliows cmbw wa m ixeLd up

ai devaoxamed bekis it was powed in doe mold. After owing m demodiag, k ftW wi I
the silicoane w o t wee adja m so the bprmem lubbez abawgh the ng of the cing cued

satisf2cut y. The • wax w ,e mw easy meWl oe ou f• e lev e sptc uas I
"g I
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in place. A light tirn of parafin remained on the silicone and the spacer materfial, but an attempt to

remove it was not made since the unc,:- silicone around the neoprene made the part useless fo~r

I ~evaluation. 'The cast silicone inhalation check valve assembly and the air inet duct are shown in

Figure 47.I ~The second molding azeinpt used urethane, TC 960 (Appendix D, no. 7) for casting the

part. Also, the cores were made from Chevot Oray? instead of pmrftn wsx because the clay had a3 kLigher stiffness. The parafin was found to be undesirable as a core materiai due to its flexibility; the

cores tended to deform during nonral hwnding which made casting unifrm wall thickness difficuIlt

I However, making the cores from Chevot Clay* was more difficult than the parafin due to the higher
melting temperature. Like the 'parOWi, the Che"o Clayl was melted in a double boiler, but since the

melting temperature of the clay is close to the boiling point of water, it took contsiderably longer to

melt the ciay. Also, the core molds had to be preheated to about 140' F; othewise the Chev- Clay*

would quickly solidify upon cant=c with the room-temperature aluminum AMd form air pockets. 'Me

clay cores were allowed to cool before- demolding to develop sufficienit strength. It was found that3 ~placing the poured core molds in the freezer for about 5 minute imreidieay before denmo~ding would

'~*i;Z
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help facilitate demolding. To provide support structures to the cast check valve assembly, 0.06-inch I
diameter holes were placed along the centerline of the duct with a 0.50-inch spacing. These holes

were formed with a hot metal rod of the proper diameter. These holes would be filled with urethane 11
during casting to form support columns which would not produce a significant pressure droo during

Inhalation. Again, to register the duct core properly in the female mold, u.-ethane rbber was

previously cast to a 0.06-inch thickness and cut into small squares. These squares were cleaned with

alcohol so that they would be c4st in-pilce with the cast urethane. Silicone spray release was

generously applied as the moid was assembled except on the urethane spacers. The uretnane resin

was then mixed and devacuumed for five minutes while in the mixing pot. After pouring urethane fl
into the open-top mold, the mold was devacuumed for several minutes. The mold was then overfilled

with urethane and a flat cover was then placed on top of the mold, careful not to introduce air

bubbles. After curing and demolding, the castings looked very good. The Chevot Clay* cores

worked well, except that the clay could not be easily removed. As the clay was heated, it melted, but

it would not flow. A small brush was then used to physically remove the clay. A C23 check valve

placed into the check valve assemlily fit properly. The air inlet duct and inhalation check valve I
msembly cast from urethane a-- presented in Figure 48. These parts were bonded with representative

eye cavity and a flutt~ connector for air flow resistance testing.

Clay parts were made from Cbevot Clay using the machined aluminum molds for

forming to the face. Although this clay does have good strength and rigidity, the thin attachment

flangcj were quickly broken off during the forming process. A heat gun was used to soften the clay

which could then be pushed down to conform to the hardsculpted face seal on the headform. The

nhaltion ducts were inserted L'i the air passages of the sculpted lens holder. The inhalation duct U
formed a positive inte in the lens holder for proper orientation during assembly. The lens holder

al had flanges on the top and bottom of the inhalation duct for easier attachment. The final clay i

inhalation check valve susembliet are sbhow in Figure 49.

A two-pieac female mold was coarsucted for each inhlation check valve assembly using

metal-filled epoxy (Appendix D, no. 20) for grength &d durability. The first several layers where

applied as thin cosn ir reproducing the details. Thick"a c ould then be anpliW. , speed up the

mol-akin process. How-vem, the amount of epoxy applied at any one tim was limited since a

large mass of curing epoxy could gerxe-te heat and potemially soften the fromed clay positive. The

first mold Ciace wu ca with two meal dowel pins for reghimtion pis. Th1 mating mold piece was

then cast on top of the fit piece, after three layers of bees waxf e parting compai wer 3
82
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applied. After curing, the molds were separated and the clay positive cleaned out and a single, large i
fill/vent hole was milled into on* half of each mold assembly. The epoxy molds are shown in Figure

50. 1
Cores of the flow path were made using the female molds of the inhaladiou check valve

assembly. Positive cores of the check valve cavity were cast from polyester resin (Appendix D, no. I
4) using the machined aluminum molds. These two solid disks together formed the core for the lip

which would be used to mount the C23 check valve seat. These positive cores were placed into the 3
epoxy female inhalation check valve molds using the registration pin. A combination of 0.06-inch

thick neoprene rubber sheet and soft clay were used to simulate the desired uretne casting. This

clay and rubber lining left a cavity of the desired flow puth. The molds were assembled after

spraying with Epoxy Parfilm (Appendix D, no. 12) which worked very well on the lens holder mold.

Epoxy, TC 2510 (Appeadix D, no. 10) was then mixed, devacuumed in the mixing pot, and poured

into the mold. This epoxy bonded sufficiently to the polyester resin check.valve cavity positive cores .3
to form a single positive core of the inhalation check valve assembly flow path. However, the Epoxy

MW -. V -.
• . . , :: . .-. :.- . ,- ,-.- I
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FIGURE 50. EPOXY INHALATION CHECK VALVE ASSEMBLY MOLDS U
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Parfilm did not prevent the TC 2510 from bonding to the epoxy mold. The cast core was not

effecwed since it was totally encapsulated by the neoprene rubber and soft clay. The epoxy cured in

the fill/vent hole had to be ground out for pouring the urethane at a later time.

A female mold was cast from the epoxy flow path core using soft HS II RTV*
(Appendix D, no. 16) due to the undercuts of the C23 mounting lip. The silicone was mixed and

devacuumed in the mixing cup. A layer of the silicone was then poured inv the bottom of a small

plastic box and allowed to cure. The plastic box provided structure to the silicone mo'd and

registered the two mold halves together. The cured silicone layer provided a hard layer which kept

the epoxy positive core from sinking into the low viscosity silicone. Another batch of silicone was

made, the epoxy core placed insidW the box, and the silicone poured into the box. The HS 11 RT'J.

cures diecdy to previously cast HS II RTVO to form one piece, even when parting compounds were

used to prevent this from occurring. During this mold fabrication, :his feature was taken advantage

of. After pouring *,he second layer to the rim of the plastic box, a dam was made ftom tape around

the box rim. A third layer of silicone was then poured. This last layer increased the materia!

thickness about the epoxy core and also provided a handle for removing the silicone mold from the

plastic box. After the final curing, the solid silicone female mold was removed from the plastic box.

A knife was used to care•i•lly cut the silicone into two ieces a.d the epocy core removed. The

silicone was cut perpendkular to the C23 check valve mounting lip because a paralld cut could

damage this lip. Registering the siliconehalves in the plastic box was no a problem. A fill hole was

cut into the mold parting surface to the bottom of the check valve core since this location was not to

be filled with urethane. A vent hole was cut adjacent to thW nd of the inhalation duct which was on

the opposite end of the cavity core from the fill hole. These hole ,ocations allowed easy removing of

the cast day and were on the mold parting line to allow easy mold disassembly fillowing casting. A

Chevot Clay* and parafin wax mixture, approximately even volumes, was melted and poured into the

&ssembled molds. This clay/wax mixtre was used sine t had tho mwting teperautre of the paafn

while it had some of the strength of the Chevot Clay. Aft-. the day co;es were rmved, the flash

was trimmed away. Holes were then melted into the clay along the longitudinal axis of the inkhation

duct with a heaed 0.06-inh diameter rod so in ureth,,t support column would be formed during

-um, thus preventing collapsing dM uriginawin.
lihalaion check valve assemblies were cast from TC 960 urethane using the following

Pocedres. The day cores were placed into the mold with the registration pin and any allgeet

corremd These cres wer then removed and the epoxy female !a3ualoe check valve molds wers



sprayed with Epoxy ParfIlm par•ung compound. The female mold was then cleaned with alcohol m
where the clay core comes into contact with it. Th act area was then heated using a hot, hollow

cylinder which fit over the coce registration pin. The clay core was then placed onto the registration

pin and held into the proper orientation. The heated epoxy would cause the contact surface of the

clay to slightly melt and then harden, bonding the day core into position. This method nf registering I

the clay core eliminated the need to place smal spacers of uretbane in the mold to be cast in place

(which when used to cast urethaate is. the machined molds did not always result in good bonding). 3
The mold was then assembled. Urethane was mixe. devacuumed, and poured into the mold. After

the urethane was half cured, heating the mold to about 120T for Lbout 2 hours accelerated the curing 3
rate and also significantly softened the clay core. Immediately after removing the mold from the

oven, the mold was disassembled and the clay remcved while it was still soft. The flashing was then '3
removed from the cast part and the part cleaned with alcohol.

3.4.2.2 Air IWlet Ducts

The air inlWt ducts tranfer clean air frcm the filter assembly to the le•ses. Becattse the

filt assembly is to be replaceable, coneemrs must he present allowing the air inlet ducts to be

connected and disconectod from the filt" anmbly. This connection was initially assumed to be a
female fitting on the leas side of the ducz which attaches to the hood (refer to Figures 51 and 40).
However, the preliminary development of the duct assutmed that a~y fitting to the filter would be

designed as pan of the filter itself and would hare to accommodate the air Net duct. The other end

of the air inlet duct would be joined to the lens bolde by bonding with adhesime

The air inlet duct was designed with a cross-sectional areu of 0.20 ia based on the
pamr drop tsting ptmented in Section 3.3.L.1. To keep the pmfUe low, d,2 cru-ssecuion of the jI
duct was taken to be remangular (refer to Fip-e 51). TMe duct wall thickes is 0.06 iahe so that

weight is kept to a miniamm while pmviding flexibUity. rhe casting maerial is ured'ine because of 3
its swgtk, flexibility, and the me of bonding it to odter materials. Another aspect of the a inler

du4 desiP wisich as iqportat as the duct routing fthough the hood. Toe duct Mancin to the ouo 3
sideof helem uwl makes bead to godown teside ' ths face. noeduwt m not w t1 with

ri c The heme chn wap " mi a imngl but the am ad the chin with cdlesa4

Iewen the bece an ch MV %trpwoer the ext inlet 6=ucta pus thrug without being , m I P.
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Toe air inlet duct must not intere with the seal between the face and the face seal. his seal is
caused by the suspension pulling on the facepiece, which in turn forces the face seal onto the face (the

force is transferred from the tacepiece to the face seal via the leas holder. inhalation check valve

assemblies, and the chin seal). Therefore, the air inlet duct should not contact both the face and the

facepiec- (or suspension) or it could reduce the force applied to the face seal, The profile of tOe air

inlet duct was made lower than the height of the other facial parts to keep.this :ffecz from occurrxi.

In addition. the air inlet duct should pass through the facepiece and down towards the filter assembly

so that the facepiece and suspension will be in direct contact with the head.

Aluminum molds wtre machined to form representative air inlet ducts. Like the

inhalation check valve assembly, representative pats and clay parts for sculpting the final pars were

cast from these mold.-. The molds were desig-ed for ease of fabrication. For example, the end of

the duct is a semi-circular shape; the end of the cast parts were trimmed as needed. The molds for

dhe &c an d the duct core were integrated into one mold. Dimensioned drawings of these molds can

be found in Appendix C.

The processes used in making !lay parts a a baseline for the artist and molding

representative parts were the =w as that used for the inhalation check valve assemblies. The details

of the processs ane presenvad in that section and only a summary of the air inlet duc processes is

provided here. Cbevot Clay* (Appendix D, no. 11) was used to make clay air inlet ducts for the

artist, allowing a sculpting baseline for fitting to the beadform. The fir molding attern,. used

Sylgard* 184 silicone rubber (Appendix D, no. 14) a the csing resin with a parafn wax core and

neoprene spacers. The maid was assembled and the flat cover clamped to the mold. The assembled

mold was placed in a vertical position with the opert.ng in the mold at the highest point The Mld

was rotaed so that the lower arm of the duct cavity waa not horizontal; ths action allowed air

bubbles to float to the open top of the mold. The silicone did not cure adjac to the neoprene, but

the wax was easily melted out. The cst silicone air ialet dt is shown in Figure 47. The second

molding anem• used urethane with a Chevot Clay* cote. Mthis care hd 0.06-inch dimeter bolt
placed along the IcPn-e1ine wh 1.0-inch spacing. After curing, the Chevot Clay* could net be

mee(l out, even after placing the duct a boiling water. Sinc aicohol helps br•k up the Chvomt

Clay*, the duct was ailowed to saik in alcohol. However, the acoh wa abWb by the urean
Y-bich cauised swelling and a loss of strength. The duct was extensively damaged due to the lons of

strength, but the srength vat regained as the alcohol desorbed in air. Anotber casting i wa

m&e using the saane appmach, m pi that the core wo male from a mixatse of Chev" Clay d
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parazin wax. This mixture was easier to work because it lowered the melting temperature of the

Chevot Clay3 . yet it retained most of the stiffness. After the air inlet duct was cast and cured, the

.ore was removed by a freezing and breaking process. First the d ict was placed in a freezer to mak6

the core material brittle, Flexing the frozen duct would crack and break the core matenal without

dam.aging the urethane. The core material would stat to warm whil* it was handled, allowing it to

be compressed which caused it to "-i. The duct was then placed in the freezer to wiake the core

stiff. Thinning the core pieces and fre-ezing them to make them hard facilitated their removal. The

cast urethane air inlet duct is presented in Figure 48.

Clay parts were made frcm Chevct Clay* using the machin,:e alumLnum molds for

forming to the face. The machined mold.s provided the basic shape. but the elbow in the durt was

altered to minimize any interference with headphone ea,"cups which could be worn by the LPM

wearer. A large radius turn was present in the machined mold to minimize air flow resistance.

However, the shaip turn will minimize interference. A heat gun war u.ed to soften the clay which

could then be pushed down to conform to the sculpted lens holder. The air inlet ducts were insertl

into the air passages of the sculpted lens holder. The final sculpted air inlet ducts are preseated in

Figure 49.

A two-piece female mold was constrtcted uf each r inlet duct using metw 'Wled epoxy

(Appendix D, no. 20) for strength and durability. The first several layers where applied as thin coats

for reproducing the details. Thicker coats were then applied to speed up the n.old-making process.

The first mold piece was cast with two metal dowel pins for registration pins. The mating mold piece

was then cast on top of the fra-t pieca, after three layers of bees w*xitoluene parting ,ompound were

applied. After curing. the molds were separated and the clay positive cleaned out and a single, large

fillivetit hole was milled into one half ) each mold aumbly, along the parting suface.

Cores of the air inlet duct flow pta % re wade asing the exterot o:oty molds.

Neoprene rubber havint a 0.06-nch thkmes wa gir-id in tho molds vo form a liner. Th's linHr

sinmiles where tha urettme was to be cu. An epoxy • wsu tlm pourms from TC 2510 awl

alowt L •.•re- I., is cat c•• e positive was thed gromnd i th desir4 skVL.. H5U RT silicosm
molds were then cat abott the core poeiv. ad galowed t cre. T epoxy corm was than rmwed

trom the silincone by cw&Wy ciating the siliccui iapt TIls salio amold was ten wed wt ont
clay cores made from a mixotre of Chevro Cle and pmlic. Holes ha - ag a diameer of aow

0.06 incih wre melted into the day cot ak-mg the longituminai axis, wiM a specin of Am 1.0
inches. Tbe epoxy •t•eriomol Whwere mWt yed wiA Epoxy PUfam pardo- CoMpmUd. noe

U1



clay cores were installed into the exterior molds and these molds %ere assembled. Urethane TC 960

was mixed. deva2uumed in the mixing pot. and poured into the molds. After curing, the molds were

disassembled. The clay cores were removed by heating the cast parts to about 120"F. The flashing

was trimmed from the cast urethane air Wet ducts. 1
3.4.2.3 Face Seal ,I

I

Two basic approaches were considered for sealing the air management components to

the face: lip seals cast as part of the components or soft foam which would be applied to the bottom I
of the components. Lip seals are generally used in protective masks, but the decision was made to

use a foam seal based on the fit and comfort provided by some snow skiing masks analyzed during fit

testing of r,)mmercial masks. The soft, pliable foam was felt to require less pressure to form the seai

and would be more forgiving to provide a better seal for a number of different wearers. However, i
the foam used in the snow sk:ag masks was a open-cell foam which is unsuitable in a protective

mask. A design of a single faWo seal was made vwhere all of the air management components would I
mount to this seal. As shown in Figure 52, each eye and the nosecup area were separately sealed.

As the face seal mold was being fbricated, a search for closed-cell foams was made which would be 'I
comfortable tp '.-- skin, easily folded, bondable to the other cor'-poeno, cstable, durable, and not

susceptib '", pression set. An open-cell foam could be used if it could be coated with a durable

elastomer. C,.,ng of the face seal was felt impot= for fitting purposes; a face seal was not cut I
from a flat sheet of foam since the seal thickness can vary at the nose bridge and forming the flat

sheet to the face could form leak paths in ibe seWl.

The face seal shape was defined during the thtee.,dimmional sculpting of the face

components. The seal thickness aftr compression on the face was sssimed to be about 0. 12 inches. I

A compressed face sal thicker than 0.12 inches would likely result in a larger eye relief and higher

mask proffle. A representaton of this seal was sculpted on the headform along with registration

marks on the side of the head. A female plaster mold of Hydrostonm (Appendix D, no. 18) was then

made using burlap s reiniorcement. A matching head was then made from Hydrostone to provide a

beadform having a hard face seal. This latter headform provided a b;.se from which the air

management componnts could be sculpted and formed. I
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Tie H.drotone- face seal molds v.ere used to cast face seals t-om a flexible pour-in-

place polyurethane foim. TC 274 (Appendix D, no. 9). This foam is a 90 second f..•am ',hich means

minimal time is alomed to mix and pour the foam in r!ace. The mixed foam reMin as poured into

the female mold and the male head placed into position. After a number of face seals were made. the

female mold broke due to the hydraulic pressure caused by the foaming action. This broken mold I
halt %as not damaged in the face seal area and the reinforcing burlap kept all the broken pieces Intact.

Because it A as still intact, it was possible to make a new male mold from the broken

female mold. Because the original Hydrostone3 male head only represented a 'compressed' face

seal. the new male mold was made with indentations to cast 'uncompresseu" face seals. The face I
seal cavity in the female mold was filled with soft clay and leveled to the face surface. This clay was

then extracted out. Some more clay was placed into this cavity to fill in the face seal and leveled off.

The first clay face seal was then placed on top of the sec3ad clay face seal still in the female

Hydrostone* mold. An epoxy male mold half was then cast inside of the clay-filled female

Hydrostone* mold. The o1ay face seals formed a face seal indentation in the epoxy male half which

would result in the final foam face seals to be compressed approximately 50 percent to result in a

compressed face seal thickness of 0.12 inches. The molding epoxy was an aluminum-filled cast:iag

epoxy (Appendix D. no. 20) which can withstand relatively high temperatures. Several layers of

parting compound consisting of beeswax and toluene were applied with each layer being buffed after

curing. This epoxy was applied in layers to provide replication of the details and because an

exothermic reaction occurs during curing. Afte-r the fuist number of layers were formed, fiberglass

cloth was imbedded with the epoxy layers for reinforcing and to provide bulk to the wo;d. After the

male mold was completed, the female Hydrostone* half was removed. Parting compound was applied

to the epoxy male half and the two Uay face seals placed on the male headform. A female epoxy

mold half was then formed on top of this ass=mbly using the same procedures to make tha male

epoxy mold half. Some difficulty was encountered while trying to separate the two mold halves, but

heating them facilitated disassembly. The clay was removed from the epoxy molds and the molds

cleaned. A vent hole, 0.25 inches in diameter, was drilled into the female mold am each inhalation

check valve assembly duct to relieve the pressure caused by the foaming resin. The vent holes were

needed to prevent any breaking of the molds. The male epoxy mold half was not filled in completely

with epoxy due to the time required to complete this, so this cavity was filled in with Ultracal 300
(Appendix D. no. 19) which is similar to Hydrostones except that the former has highex strength.

The Ultracal 300 was applied in layers to minimize shrinkage which could possibly deform the epoxy
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Smld. The intent of fihllng the male epoxy mold was to provide toth strengh and rigidity. The

finished epx)y face seal mold halves are shown in Figure 53.

A number of materials were cast in the face seal mold. including urethane foam and

silicone foam. The urethane foam. TC 274. was the same used in the Hydros:oneO face seal mold.

D This tuo-part foar was carefully %eighed. The vent holes were taped over on the outside of thi

female mold. The fem.Je mold was then turned over to act a., a container. The two foam

U components were then quickly mixed and poured ipto the female mold. The placement of the foam

resin was insignificant because the male mold was then lowered into the female mold. Because these

molds fit together very well, the foam resin is displaced into the proper face seal cavity and it would

foam into place. The mold assembly was then turned over and the male head placed on the work

Ubench. The tape covering the vent holes was then removed and the foam would gene'rally start to

vent profusely by this time. The female mold was held down on the male mold tr leep it from

raising up due to the foam pressure. The resulting foam was very soft and flexible, but a strong
skinning effect was not obtained About ten urethane foam seals were made in this manner. One

* urethane foam seal was made with the same approach, except that the vent holes were covered up in

an attempt to increase the foam density. However, the female mold started to rise from the male

mold. Clamping the female mold down was not considered in light of the previous Hydromtone*

mold breaking under similar ch'cumnsaces.

Two Wilicone foams were cast in the epoxy face seal mold. One silicone foam, 3-6548

Silicone RTV foam (Appendix D, no. 29), was a twopart foam which must be poured in I minute.

The cast foam is black in color. This closed-cell foam was relatively stiff and formed an outer skin,

but the strength was unacceptable. The second silicone foam, RTF 762 (Appendix D, no. 30), was a

14 minute foam which provided plenty of time for mixing and applying to the mold. When mixing

I the two parts, the viscosity was higher than the other foams. After the resin was mixed, it was

brushed into the face seal cavity and the mold then assembled. Because the foaming occurred over a
longer period of time with less force, the two mold halves were damped to the table and the vent

holes left unobstructed. The resulting white-colored foam had relatively small pores, skinned on the

I •xterior surfaces, and was fairly stiff. In a bench top experiment, the ratio of activaror to base was

9
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doubled in an effort to reduce the stiffness. However, the stiffness did not greatly change, but te

size of pores increased and the skinning effect decreased. B&,th of the latter results were undesirable.

The urethane foam provided the basic characteristics desired for the f-ce piece. including

th, tear strength, softness, and comfort to the skin. However, as was verified during casting of the

leas holder, the urethane foam is open-cell ,hich is not desirable for the LPM face seal. The silicone

foams arc closed-cell, except that they did not hz:: the desired physical characteristics of the urethane

foam. In general, silicone rubbers are less susceptible to compression set t an urethanes, but no

information was obtained for the specific foams fabricated and no compression tests were performed.

I• In addition to the physical characteristics, the urethane was found to be readily bonded to the cast

urethane while the silicone foam was not readily bonded during some simple adhesive tests. To

failitate the prototyping of the LPM, the urethane foam was used to demonstrate the feasibility of the

foam face seal. These seals were not coated with an elistomer A,, would have increased the

pstiffness of the seal. As ir of a follow on task, the search for a silicone foam or alternative closid-

cell foam should be continued which will provide the strength, durability, and softness characteristics

3 without irritating the wearer's skin. One possible candidate is Kraton foam which is formed iai a

blow-molding process.

3.4.2.4 Exhaust Check Valve Assembly

U As discussed in Secton 3.3.2.2 above, the exhaust check valve was based on the

convolut.,.J check valve design having the post attachment CRDEC has previously been making these

flappers; therefore, no atempt was made to mold this part. The check valve seat was designed based

on the dimensioned drawing provided by CRDEC. The LPM exhaust check va!ve seat was modified

slightly to facilitate molding add to integrate it with the LPM facepiece and exhaust ch.-5. valve cover

(refer to Figure 54). Both the CRDEC and LPM dimensioned drawings are presmed in Appendix C.

STo fabric:te the exhaus check valve seat, a so, bendahlc mold a•prozch was used due

to the number of unde= in the mel, -a .. A master male positive w. first machined from

3 aluminum. This aluminum positive was attached to an aluminum pla-e with brittle, fast-avcting

adhesive (Appendix D, no. 31). A circular cylinder, open on tte 'op) and bottom, was plaid over

the center of the male positive to form. the female mold enclos-oe (refer to Figure 54). "Tis can was

then sealed to the base plate with silicone vacuum grease ati the entire mold intmior sprayed with
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silicone mold reiese. A flexible silicone molding compund %,as then mixed and poured into the

container and allowed to cure. This cured assembly was then taken apart to provide an open-face.

Ift female mold of silicone ru'ber. Various polymer systems where then used to cast exhaust check

valve assemblies.

A transparent silicone molding compound. Sylgard3 182 (Apoendix D, no. 13). was first

used to make the check valve seat mold. This ,two-par., low viscosity silicone was mixed together

and placed in a vac-uum chamber while still its the mixing cup. Once the air bubbles were removed,
thz silicone was polured into the fe.'n*• moid container. Slowly rotating the femaale mold aboutallowed aqy air bubbl..s trapped uderr:.-ath the udercuts of the positive part to rise. The poured

mold was then placed in an oven at 150" F fhr at least four hours. The cur.-d silicone was then
removed from the mold contajier to P•rm an open casting mold. This mold replicated the details of L-
the positive part very well and it could readily be flexed to remove the cast puts. The transparency

ot Sylgard* 182 also allowed air bubbles in the mold itself and the polymer resin of the check valve

seat to be readily ider.tified. Several poiymer resins where then cast in the female mold, including:

"* Master Mend" Epoxy TMI-51, 5-,,inute cvre time (Appendix V. io. 2)
"" Manter Mend" Epoxy QM-60, 90-minute cure time (Appendix D, no. 1)
* Acrylic casting resin (Appndix D, no. 3)

* Polyester resin (Appendix D, no. 4)

* Acrylic ureCae (Appendix D, no. 5)

* Acrylated epoxy ((Appewdix D, no. 6)

Each of th6 •andidate polymer resirs were evacuated immediately afte mixing. The

resins wer then carefully poured into the female mold. Because of the mold undercuts 21 the center

post and the oute" rim, the poured molds were placed in the vacuum chamber.

Some problems were encountered with the Sylgrds 182 female molds due to a lack of

strength of the silicone, but also due to the polymer systems used to cast the firs check valve seat

parts. A!! of the resin systems listed above either did rot provide sufficient strength (i.e., the check

valve seat post sUM broke during demolding) or a large number of air bubbles were trapped in the

cast pgrts. None of the above po~yme-s were found suitable for casfing the exhaust check valve seats.

In addition, thr broken t~os stems could not be easily removed from the Sylgard* 182 female molds.

3 These molds where damaged while trying to extract the broken center posts.
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New exhatist check valve seat molds were thci cast with a silicone rubber, 13S 11 kTh' 3

(Appendix D, no. 16), having higher strength than Sylgard* 182. HS 11 RTV* is a tMo-part, low

viscosity, room temperature curing silicone having an opaque white color. The tniyed silicone was

evacuated in the vacuum ciamber while still in the mixing cup, but not after the mold was poured.

Using the HS 11 RTV* silicone molds, check valve seats were cast with an epoxy, TC

2510 (Appendix D, no. 10). This tw...part, low viscosity epoxy is tranparent, has 2 pot life of 25 to

30 minutes, izii provides good strength properties. The resin was evacuated while in the mixing potJ

and after ~Nuiing into the mold. The cast parts were relatively easy to demo~d and the center post

didn't breax off during deniolding. Thbe final epoxy inhalation check valve seats are shown in Figure

55.
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Exhaust check valve covers were pmr .-ided to Banelle by CRLDEC. These covers were

tra-•sparent and included a drinking tube holder. Holes were cut in:o the front face of the cover for

exhalng. This .over fit onto the exhaust check valve seats cast for the LPM prototypes; therefore,

they culJJ 1,e usi ,kithout modification. An unsuccessful artemrt %4as made to cast new covers based

tin the CRDEC-supplied covers for comparison. A cover was modified by removing the drinking

tube holder and by 'filling" in the exhalation holes. A urethane casting of this modified cover would

then ha~e holes cut into its bottom edge. HS fl RTV' was used to form a female mold due to the

mounting lip forming an undercut. However, the resulting mold would not have been able to form

[U covers having the good appearance of the supplie4 covers. Therefore, the cover fabrication effort

.vas discontinued and the furnished covers used in the LPM prototy.

3.4.3 Filter Assembly

The filter assembly development consisted of ident-fyirn the filtration media, completing

the design, and prototyping the selected design. These design stages are presented in the fbllovng

secdons.

i 3.4.3. Filtration Materials

SI The design of the filter is based on a study of a flexible filtration system fo: RESPO 21
completed by Battelle's Aerosol Science and Technolcgy Department.(ref 37) The objective of this

study wa., to identify and evaluate filtration materials for a RFSPO 21 flexible fftrson system,

Srelative to:

S Air flow resistance

I * Aerosol filtrUion efficiency

S* Gas life

0 Size

• Flexibility
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The final filter mlcdels weie constructed to provide a DMMP gas life of at lea.,t I110

minutes and particulate filtration for 0.3 ;m diameter particles. The cross-sectional -..ea was taken to

be 50 in'-. A filter model based on the current C-18 filter result[d in the thinnest filter. 15 to 17 mm

(includes only the filtration media), but it had a pressure drop of 42 to 45 mM HO. The aerosol

filtration medium of this fi'ter is referred to as C-18 backing while the gas absorption medium is

referred to as C-I charcual core. This filter model consisted of 8 to 9 C.-18 charcoal core layers

sandwiched by 2 layers of C-IS backing. A filter mcdel using Filtiete* G0130, produced by 3M, for

aerosol filtration and Nanosorb* 7301-1 1, produced by Blcher, for gas absorption provides very low

flow resistance of about 8 mm H20. This fitcr cons-sts of 2 layers of Nanosorbs T301-11

sandwiched by 2 layers of Filtrete G0130. However, the Fi!trete G0130 is an electrostatic

particulate filter which would require further evaluation for RESPO 21 respiratory protection. The

ability of this material to retain its electrostatic properties durinZ field use including the long-ter.n

effect of high humidity is not known. The filter also has a relatively large thickness of about 30 mm :
(includes only toe filtration media).

The fatc" models were then evaluated based on a cross-sectional area of 100 in2. The

intent was to minimize the thick,-- c! ±e fil!er assembly at the expense of increased area. The

thinner filter would ýave a lower profile and it may provide less interference with the wearer's other

equipment The filter consisting of C-18 charco~d core and backing materials ;esulted in a filter

media thickness of I Imat and a pressure drop of 15 mm H20. This filter mcdel consisted of 5 C-18

charcoal layers saro.wiched by 2 layers of C-IS backing material. The Filtrete* G0130 and

Nanosorb* T301-I 1 filter model had a filter media thickness of 19 mm, but the flow rebistance was

only 4 mm H20. One layer of Nanosorb* T301-I 1 was sandwiched by 2 layers of FIltrete G0130. 1
Two fdter media designs wer. studied for the LPM filter assembly: a 100-in2 filter

composed of C-Ia ch•rmol core and backing, and a 50-in filter consisting of Filtrete* G0130 and

Nanosorb* T301-11. The thinner 100.-L filter would provide a low profile and an acceptable

pressure drop. The 50-i0 filter would not protrude as low on the wearer's chest and would result in

very low flow resistance.
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03.4.3.2 Filter Assembly Design

The filter assembly is to be worn on the chest. It is to be flexible for a comifortable fit

and for smaller storage volume requirements. Because the filter would not likely provide the 24-hourfl ~protection time of the UKM a safe and quick method of replacing the filter must be provided.

Tht: area available for a chest-mounted filter is shown in Figure 55. relative to thc
ground troops of MIL-STD-1472C.(ref 31) The width of the filter assembly should not e'-.tend over
the wearer's arms due to interference with arn movements, such as du~ing walking. Because several

I sizes ot filters were not considered due to the accompanying logistics burden, the width of the filter
assembly Ahould be kept under 10.8 inches.I To facilitate folding the filter assembly, the initial design approach was ti use
approximately six filter packets connected by common air ducting. Air would pass perpendicular to
the large filter cross-section&I area of the filter packets, through the filtration media., through the
commion ducting network to an outlet connector. The filter packets would need to be sealed

I ~completely about the edges to prevent air from bypassing the filtration media. Sufficient clearace
would be needed between the filter packets for folding. As shown in Figure 57, the total cross-
sectional ame; of an example of this design, not including the edge seal, w'~uld be about 30 in2.

However, the filtration media stu~dy (ref 37) found that an area of 45 to 50 in2 would be required for
an acceptable pressure drop and that a crosr sectional area of 100 i0 could provide a low pr==ur

be designed for a bigh packing efficiency. As the number of filter packets is increased, the size ofI ~the individual packets will decrease and the perimeter arou:)d all of the packets will increase T7hc
pteimeter is important since an edgwe seal is required around each filter packet to prevent leakageI ~ ~around the Miraxion a'pdia. Therefore, as the number of filter packets Increase, the wasted ame due
to the edge s.-A is Itcreased. Figure 58 shows afilter layout having twofilter packets with an

effective filtration cross-sectional area of 40 Wn2, an increase of 30 percent over the layout of Figure
57. One method of increasing thefilter size withoutincr~easing the filter amerequired on the chest is
to have ai entrthe filte sbly from the front of the filter and from the back of the filter. The

air would then flow through the filftration media into a duct network halfway between the frot andI ~back surfaces of the filter assembly. However, the filtration material dimensions resu~ing from the
filtration media study would require a very thick filter assemrbly which. would protrude too far from
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Sthe zhest. Also, the back of the filter assembly would have to be supported away from the wearer's

chest for proper air flow, further increasing the profile.

Therefore, using bczh the front and back surfaces of the filter assembly for air inlets was not pursued.

To provide the most filter possible in the available area for chest mounting, the LPM filter design

would be either a one or :wo filter packet design.

Since the filter capacity uLf be limited to less than the 24-hour protection to p provided

by the mask, the filter elements must be replaceable in the field. To facilitate this replacer at, the

edge seals around the filter elements should be a part of the replaced filter to best insure tv a

positive sea] is always made. This design approach could be attained by either incorporatii j the filter

assembly in* a replaceable hood bib, attachet to the rest of the m-ask by books or a zippe or by

3 fitting the replaceable filter assembly into an easily accessible pocket located on the front cr be hood

bib. A snap-fit connector between the filter assembly and the air inlet ducts would allow r isy and

3 quick filter replacement without requiring any tools. The design approach for the LPM Lfer

assembly was to minimize the amount of material which would need to be replaced while providing

the best seal possible. This design L-icorporates the aero3ol filtration material, the gas absorption

material, and the duct network together Into a sealed packet with a single conner to attach to the

air iet duct. 'Because each filter packet will have its own connector, loosely woven spacer fabric

was used to form the duct between the filtration media and the connector. The hood bib would be

permanently attached to the hood and a pocket on the front of the hood bib would hold the filter

assembly. So that the different components could be designed and fabricated in parallel, two snap-fit

coin mrs would always be incorporate evtn for a one filter packet design, so that flexibiity in the

development procesm would anot be compromised. The two-connectr approach provides a low profle

when cempared to a single connec=or which would have to have a flow area twice the size since it

would need to duct all of the wearer's air intake. However, the two-connector design does make it
more difficult to incorporate an optional blower •r than a single-connector design.

Figure 59 shows two types of woven spacer fabrics considered for uns in the LPM. One

spacer material is woven from Saran fibers (Appendix D, no. 22) while the Otha is an Olefin spacer

materia (Appendix D, no. 21). The former spacer material is very flexible compared to the laner
material. However, the latter material is a por, open weave which will provide less air flow

* resistance.
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FIGURE 59. WOVEN SPACE MATERIAL U]
Theretfore. the more open Olefin spacer material was used in the LPM filter assembly prototrpes.
This spacer material is more flexible in one direi'iion than the other and can be oriented in the filter I
assembly prototyp.e to facilitate folding.

"The construction of the filter packetsa in order of the air tlow path. consiss of the
following layers:

* The first layer is a mesh fabric to help retain the filtration media layers and is more
critical for larger filter packet sizes since the filtration mediums are •~ne:ally more II
fragile (i~e., have less strength).

* All of the gas absorption layers (i.e.. carbon layers) are sandwiched by tvo aerosol 3
filtration layeis (i.e., particulate filters).

" The filtration la)ers are succeeded by the woven spacer material for ducting air to the

filter connector.

" A thin-film barrier is the last layer to provide the chemical barrier.

I
106 1

I



D The edges of the various layers are compkt:y sealed with an elastomer to allow

flexibility and sufficient chemical agent permeation resistance exceeding the expeotd life

of the filter capacity.

The thin-film chemical barrier provide3 a low weight s"a for the filtered air. A number

of chemical barrier films, such as a Sarn-based laminate or a Teflon* film, can be used to provide

about 6 hours of breakthrough chemic" jgent b~eakthrough time while being flexible (stretchiness is

not required). This chemical barrier could be formed by the s.ne elastomer used to seal the edges,

except that the elastomer would likely neev to be about 0.06 inches thick and have a higher weight

than the thin-film barrier.

U A snap-fit connector wai designed (refer to Figure 60) where the male connector half

fits over the air inlet duct and the female half fits onto the filter assembly. The male connector was

fl designed to fit over the air inlet duct to preclude causing a reduction in flow area and a corresponding

increase in flow resistance. The male connecror transitions .,om the low piofile of the rectanogular air

inlet duct to a rou•d male connector which will accommodate an O-ring for improved sWaling.

Likewise, the female connector transitions the round O-ring connection to the rectangular profile of

the spacer material. The spacer material protrues from the top edge of the filter assembly, into the

iale cornnetor. Two hex nuts were molded in place to poshively bold the spacer material to the3 . op nnector by isering two screws through the back plate. This back plate was made from

• " sheet metal to reduce the fabrication t;e and to simplify the female connector mold. The

S'erfezetice of the snap-fit connection was inceased so that a positive lock would occur for the

fiexible urethane uased to cast the connectors. For a stiffer material, the interference would need to be

reduced. The flexible urethane also simplified the mold design since undercuts could be present in

the mold. Dimensioned drawings of the filter connector molds are locaed in Appendix C.

n. o two filter assembly designs prowtyped were the 50-in 2 design and the 100-in 2

design. The front view of these two designs are presented in Figures 61 and 62, respectively. Side
views are not shown since they deend pon the specific aerosol filtration and gas absorption media

3 used. In both designs, the edge seal was assumed to be 0.25 inches around the perimeter of the filter
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3.4.3.3 Filter Assembly Fabrication

Filter coz.me-inr molds were first machined from aluminum. Dowel pins were used to

register the mold pars togetber. Silicone part-ng spray was 4nplied to the mold parts before

assembly. Two 12-56 broass screws were inserted through the ;=male mold and brass he% nuts

threaded onto the end. A gap of about 0.06 inches was left between the nuts :nd the aluminum nmold

and the screw hewcs were taped in conta with the mold. This Wction resulted in th- urethane totally

encapsulating the hex nuts, except for the hole f6r the screw, thus preventing the nuts f-on. falling out

of the cast urethine and allowing the attachment screws to be thre.ded into the hex nuts during

ass.mbly. The female mold Connectors were cast from a urethane, TC 9(," (Appendix D, no. 7).

U "his urethane was mixed and devacuumed while in the mixing pot which required about 5 minutes.

Because the urethane was injxed into the molds with a syringe, the injection hbd to be completed

before the viscosity began to incease (the pot life is about 25 minutes). The molds were then angled

to allow any bubbles in die molds to rise up into the fill and vent holes. The molds were then placed

in an oven at about 120"F t., shorten the demolding time to about 3 hours. WMen disassembling the

female mold, the screws holding the hex nuts in place were removed first. The ureth:ne, in general,

was easy to remove from the aluminum molds. All of the cores were also made from aluminum, so

core removal was not diffitilL The cast urethane connectors are shown in Figure 63. The aluminum

back plates were cut from sheet metal.

Fabricating both the 50-in2 and the 100-in2 filter assemblies vas completed using the

same basic approach. The filter elemntms, including the outer mesh fabr;,. the arsol filter material,

the gas absorption material, and the thin-film barrier, were cut from the rolls of materials using flat

aluminum sheet metal patterns to ensmure uniform sizes of material. Sara,-, having a 6-Mi thicknea,

was used as the thin-film barrier. T7e Oleft spacer materl was cut to the same size except for the

"ears* which are isee into the female filter connctr . Two aluminum sheet metal patterns were

3 then cut so that the stacked filter elements would extend out 0.25 inches all the way around. The

stack was assembled and sandwiched by these two aluminum patterns. C-damps were used to gently

bold the stack together, using care to not comprets the filter elments. Urethane, TC 960, was then

brushed over the exposed 0U.5 inches aroumnd the stack perimeter to form the U-shaped edge seal.

3 When brushing, the stnck was supported off of the workbeach and parallel to the bench top, thus

preventinrg the uretha- from dripping inside of the spacer material. A number of layers were appliedU
I 111
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FIGURE 63. CAST URETHANE FILTER CONNECTORS .

to result in a urethane thickness of about 0.60 inches. However, the TC 960 viscosity was too low

and was difficult to apply. Fumed silica was added to the urethant as a thixotropic agent with little i
success. A bivsh-gade of the TC 960 urethane, called TC 960-B (Appendix D, no. 8), was obtained

and used as the edge seal material. Th!s brush-L'rade ur.-thane could not be devacuumed since this

caused premature curing; therefore some bubbles were always present in the cured urethane due to

mixing and brushing. After final cuiring of the urethane, the excess urethane covering the outer :
aluminum patterns was cut ,way and the aluminum patterns popped off of the filte-' assembly.

The 100-in 2 filter .meibly was the design selected for final prototyping due to its small

thickness, approximately 0.f inches. This design consisted of 5 layers of C-IS charcoal core

sandwiched by two layers o)f C-18 t.lcring mv, ial. The other f* - ciements were as discussed I
above. One 50-in2 filter packet ftwo filter packets required for a complete fiiter assembly) was

fabricated for evaluation purpome. This latter prototype is shown In iguiwe 64. One layer of :
Nanosorb' (a type similar to tw o layers of Nanoorb* T301-1 1) was sandwiched by two layers of

Filtretes Got030.
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FIGURE 64 -. 50I'FLE AS L PRTTYE ONE FITE PACKET

* I

I FIGURE 64. S0-IN2 FILTER ASSEMBLY PROTOTYPE: ONE FILTER PACKET

3.4.4 Facepiec*

The facep;ece attaches all of the air manaement components to the hood. Th6

suspension also attaches to the hood; therefore, the facepiece is common to all of the other

components and must be successaiy joined in a manner which does not Vegrade the chemiWl

properties of the facepiece mazerial. The two basic types of facepiece designs investigated are a

thetmofbrmed facepiece and a fabric based facepiece made from a non- Ltchy material. The original

I conformal facepiece/bood design was not developed because a stretchy cnnformal material which

provides a high permeation resistance cauld not be identified. A dip-coated facepiece is integral with

the hood; therefore that concept is discussed in the following section

A therznoformed facepiece separate from the hood wa3 explored becas it provides a

I method of constrming to the curat of he face without introducing seams. The chin is one area

where a mcrmofo.,ned facepiece can be bteeficial due to the sharp transitions. Another benefit of a

thermoformed facepiece is that the material used cm be tras..vnt for personnel recognition,

althouSh this is not an LPM rqiremeant.

I
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To thermoform a material, the polymer film is heated close to its melting temperature.

The poly' ; is then forced into the thermoforming by applying a vacuum, piessure, or a combination
oC both.(ref 38) Vacuum is applied underneath the film while pressure is ap,-iied above the r..The
low thermal mass of the polymer film generally requires that the film be forced quickly into the mnold
%here it is then allowed to cool into shape. Vacuum is limited to about i2 to 14 psi %here 6 to 10U
psi is the most con~rion. Pressure forming is ixot limited and pressures of 50 to 120 psi are normal.
If the mold has sharp corners or surface texture, pressure forming is pt eferred. The thermoformed0
film will uadergo some permanent stretching (i~e, thinning) durirg this proce!ss. This thinning effect

is grweatet where the gradient of the mold is the greatest. Therefoire, in a chemical protection
facepiece, the transitions across the face should be smooth to preclude excessive thinning of the

barrier.

Two common birrier materials were considered for thermoiforming a facepiece: Saran
and Teflon* PEP. Both of these materials are flexible in thin films, but neither one is stretchy. No

other materials were identified which =a be obtained in a flexible thin-film, thermoformable, and
possible provide 24-Lours of chemical agent permeation resistance. A custom laminate may provideu
these chamccist.'s, but a coa...merciafly available laminate which could be implemented into 1-PM

prototyping was not found.

Saran* having a 6-mil thickness and Saaranex* having a 4-mfl thickness were obtained for

testing and evaluation. The Saranex* was not considered strong enough for a ftcepiece and was not
tested. The 6-mU thick Sara& was the thickest which could be obtained and was felt margintally W['
strong enough for facepiece prototyping. However, as discussed in Section 3.2.1.2, this SararP was
fabricated by blow molditig which orients the film. When heating 6; Mim, in preparation for[
thermnoforming, the film disintegrates instead of flowing. Cast Sara& is suitable for thermoforming,-

but this tipe c'wld not be found in thicknesse of 5 mils or greater.

Va&rious thickness of Teflon* FEP are readily availab!-,: however this material is fairly
expentsive. FSP is heat sealable and thermoformable, but these processe mum be peribirred at7

relatively high temperature of about 550' to 600*F. In addition, adhesives do not readily bond to
PEP unless the material is treated for it. Some methods of treatment include electrical discharge. I
process (ref 39),,, corona disci~trge, and chemical etching.(ref 40)

Battelle purchtaasd Teflon* PEP having a thickness of 10 mils. This thic,%ness was 5
considered strong enough for the LPM, provided sufficient chemical agent permeation resistance, and

%as considered thin enough for flexibility. Some tria thermoforming wzs performed using a face
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I seal thermoforming mold for the RESPO 21 multilayer mask.(ref 41) In addition. a number of oth~er

polymer filmrs were also thermoformed for comparison although these othet inaterials were offer guod

cbemical barriers. Some FEP samples were then sent to a chemical etching cc -pany ' o allow

adhesive testing to be perforined.(&ef 440) This treatment was a sodium ammo-..i dip process which

turns the clear PEP to a *rortled" brown color. The company performing the trtaunent does not

offer a masking capability. This treated PEP was used in testing adhesives It'b bonding FEP to theI ~urethane used to maid the air management: comp onents and to various hood mau~als. This testing
along with the adhesives used can be found in Appendix D. A hood and facepiece prototype was

constructed utilizing one of the tesL thertnoform PEP facepieces and coated nylon e-3 the hood. Thle
facepiece was sewn to the coated nylon. T'his prototype is presented in Fig=~r 65 although the

I facepiece is hardly visible due to its transparency.

I0
4.

'IA!
7

0 w- IM r.

~11



Although FEP tacepieces vsing the above approaches do provide some benefits. they l%%cre not

implemented into the final LPM prototypes. The time required to thermof'orm fbilkwed by the time

required to chemically etch the FEP (the chemical etching is degrided by heat). did not conform to

the delivery schedule of this program.

Sinc:e a thermnoformed fixei-iece could n~ot be made from a suitable rra:rial and %hidiI

fit into the devedopment program,. a fabric facepiece w~as used in the final LPSI prototypes. The

ficepiece was constructed from the same impermeable material used to form the bood. As dicumssed

in the following section, semi-permeable materials were considered for the hood. However. thtse

materials were not considered for the facepiece because carbon particles frequently become dislodged

from the ca~-bon layer a&d could be Inhaled by the wearer. To provide a close fit. t-,eo pleats were

placed at the foreeaid and one pleat used at the chin. A fabric facepiece and hood protoW..- is

presented in Figure 66.

'Jm'

A-I
41 7

71,4

FIGURE 66. FABRIC FACEPTECE AND HOOD PROTOTYPE3
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The facepiece sutpension ataches to the facepiece to provide a sealing force on the fzce

seal. The nuterial used for the suspension is a open fabric of ro lon and Lycra* (Appendix D. no.

35) previously identified by CRDEC. The addition of Lycrd, is desirable because these fibers

pro,-jde a high degree of stretch without taking a permanent set. In addition, this fabric withstands

hot water during laundering without loss of stretch or strength. Because the suspension material can

abcorb perspiration and dirt. it is attached to the f;- -piece by a zipper for. easy removal and cleaning.

Hook and loop fasteners were provided in the back of the suspension for personal adjustment.

3.4.5 Hood

I
Three basic hood materials for the LPM were explored: impermeable coated fabrics,

semi-permeable coated fabrics, and a dip-coated latex on i fabric substate. A non-fabric film was

not considered for the hood since it was felt that a fdm thickncss suitable for durability would nom bN

flexible enoulh for a hood.

The dip-coating concept was investigated for hood prototyping hy compounding butyl

latex and natural rubber latex. Samples were formed onto glass test tubes and test tubes covered with

a nylon/Lycra fabric substrate. However, the formed samples did not h: .e sufhcient strength and a

smooth coating was diffict~t to achieve. The dip-coating procest is descr bed in further detail in

Appendix F. Because additional testing and development would have been required to fabricate a dip-

coated mask, this effort was discontirnued.

The seni-permeable composite materials discussed in Section 3.2.2 all consisted of a

liquid barrier layer and a layer consisting of a material loaded with activated carbon. ahese two

layers combined tend to be bulkier and heavier than the impermeable chemical batriers identified.

These disadvantages of the semi-perteable hood are offset by its ability to transmit water vapor, thus

reducing the physiological burden on the wearer. However, one question of an impermeable hood

versus a semi-permeable hood is whether a lighter in weight inrpermeable hood providing a complete

barrier is more or less of a thermal burden on the wearer than a heavier semi-permeable hood which

transmits some water vapor. In additimo the semi-permeable hood materials would need to be joined

by sewing where the seams could be covere by a= adhesive sealing tae. The impermeable

materials, although presently needing sewing and the seams sealed, will likely be capable of being

3 heat sealed (e.g., the Chemfab fluoropolymer coated materals).
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Because the impermeable chemical barrier materials identified during the materials

search provide lower weights than the semi-permeable materials and show promise of being heat
sealed in the near furtre, the LPM prototypes hoods were fabricated from impermeable coated

fabrics. The actual materials selected for LP.M hood fabrication were Chemfab's Challenge 4000

(Nomex* coated with fluoropolymer on one sidt), Chemfab's polyester coated with fluoropolymer oa

one side, and a coated nylon referred to "pack cloth". The Chemfab matq rials were selected even

though the initial chemical agent testing measure relatively short breakthrough times for HD, because

they are similar to the Chemfab n)Iou coated with fluoropolymer which Chemfab claims provided a
breakthrough time cf 20 hours for HD. Further development of these materials, along with the

ability to heat seal them together, may result in flexible and lightweight LPM hoods and facepieces in
the near future. The pack cloth hoods were selected, although this material is not chemical barrier,

because it was readily available and their was a lack of good material candidates; this 'simulated"

chemical barrier does provide the basic strength and durability properties desirable in a hood for field

use.

The hood design inc!udes the primary hood, the fabric facepiece, and the hood bib for
mounting the filter assembly. Some clearance was provided in the neck area to facilitate donning and

doffing. A method of adjustment to seal off the neck area after donning was not provided, but will

need to be added at a later development stage. The hood bib includes a pocket made from an open

weave material to hold the filter assembly. Although not incorporated into the hood prototypes,

straps should be attached to the back of the hood which would run under the wear,'s arms and attach
to the bottom of the bib. These straps would keep the filter assembly from bouncing around, such as

when the wearer is running. The air inlet ducts protrude from imide the hood to the filter assembly. i
Flaps were aached to the hood to cover the tops of the air inlet ducts exposed outside of the hood;

however, the air inlet duct should be sealed to the hood where this protruion is made. The hood
prototypes were sewn together and a method of sealing these seams will need to be added in the ne"t
development Two hood prototypes constructed from pack cloth are presented in Figures 65 and 66. 1

3.5 Demonstrator Fabrication I
With all of the parts fabricated (as presented in their repective sections above), the 3

various components were assembled into functional prototypes. This assembly was basically

performed by adhesives to join and to seal the components together. The air management
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components were joined together first using the epoxy face sea] mo!J to hold we-face seal.

Additional fixtures would have been beneficial because the TC 960 urethane used to fabricate the air

managemnit components was used an the joining adhesive. This urethane tak%..i sever-.x hours before

any strength is developed. Without good holding fixtures, fast-acting adhesive was used to hold the

components in place. The urethane was then applied to basically seal the parts together and to

provid, a flexible adhesive joint. Also, the urethane foam face seal would absorb the low v~scosity

TC 960 urethane which causes this foam to stiffen; therefore, the brush-grade urethane, TC 960-10

was used to atach the components to the face seal.

I With all of the air management componernts joined together, TC 960-10 was applied to

the top surfaces of these components. A sewn facepiece, with some of the hood panels sewn on, was

placed on top of the air management componemt and slight pressure applied until the urethane cured.

The rest of the hood was then sewn to the assembled facepiece. The eye holes were then cut from the

3 facepiece and the lens attached to the lens holder using TC 960. 7he exhaust check valve seat was

bonded to the facepiece and the suspension zioped onto the facepiece. Drawings of the LPM

5 prototypes are presented in Figures 67 and 68. Figure 67 was an earlier design prior to developing

the snap-fit connectors for the filter assembly. Figure 68 is the finished final prototype desig-..

3.6 Design Change Recommendations

A number of functional improvemerts can be made to the LPM prototypes constructed

during the performance of this program. Some of the changes are needed because existing

components, such as the B/LPS ienwes. were implemented into the design to facilitate prototyping

even though they did not provide the best design for the LPM. Other changes re needed because the

prototyping methods used could not provide the design features as drawn in a timely fashion.

The lenses used in the LPM prototypes were borruwed from an existing lens system to

facilitate the prototyping process. Because vision is critical to the pertbnr.ance of a mask, a new lens

system design should be developed to provide maximize vision acu.ty and field of view while

maintaining a low profile and minimum eye relief. Because vision is so critical, th: air management

components should then be modified to accommodate this optimum lens design.

I
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As the ciay air management components were bding formed to the headform, some of
their design features were lost. example, the lens holder should be redesigned to accommodate
the laser protection outserrs wh,.tn would attach directly to the lens holder. The LPM prototype
facepieces were bonded to the iens holders where the laser protection outserts should be mounted. S
This occurred because the mounting flange on the lens holder could not be sculpted as designed. A
redesigned lens holder should include this separate flange. The mounting .channels in the lens holder
for the primary lenses are not symmetric about the nose. Care should be taken during future mold 0
generations to be more symmetric. The mounting holes in the lens holder for the optical correction
inserts do not fit the molded optical correction insert frames. This occurred because fabricating the
optical correction frame molds would have slowed down the lens holder sculpting and molding which

was not desirable. The mounting holes in the lens holder for the optical correction inmerts need to be
modified for a better fit. Also, the dimensions of the air duct air flow paths were slightly reduced
during the face-forming process. The air flow resistance should first be measured for the air inlet

ducts and the inhalation check valve assemblies to obtain a baseline. If reded, these parts should
then be refabricated to increase the flow path area. Because these ducts are rectangular in shape for a
!ow profile, a slight increase in the height will provide a significant increase in the flow path area.

The face seal was fabricated from an open-cell urethane foam b,-ause this foam 3
provided the low stiffness desired and was readily bonded to the other air management components.
A number of closed-cell silicone foams were used to cast fac: seals, but they did not provide these
charactaiWcs. The search for a suitable closed-cell foam should be continued which could then be
cast into face seals.

"The protocype hoods do not form a good neck seal. A large neck opening was provided

to facilitate donning and doffing of the mask, but a method of sealing around the neck when the mask

was on was not provided. A method of making a good neck seal should be added. Retaining straps
should also be added which atach the back of the hood to the bottom of the hood bib by passing

underneath the wearer's arm. These straps will hold the filter assembly in place on the chest. A
method of sealing the air inlet ducts to the hood should also be added where these ducts protrude
from the hood to connect to the filter assembly. I

Due to time constraints, the chin seal was made from its machined aluminum mold and
spliced into the prototype. The chin seal provides the inteuface between the facepiece and the face
seal. like the inhalation check valve assemblies and the ak inlet ducts, a clay chin seal can be
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fo,med to the ne.tuform. An efxy mold •n then be made fto, this dkty posit;e ar.J ureMN-ne ali-o .eals tabricated

4.0 CONCLU 1ONS

The LPM desiga requirements were trransatd into a desi;-& yia initial testing andU mockup fabrication. Tis design was then developed into fun••!ion•u prototypes by sculpting and
moiding dhe air n."agemenut components, and by sewing facepiece and hoods. Although all of the

rm&l.ialis used to construct the prototypes are not the materials which would be used in production of
,.Ae LPX. they eo simulate the physical charu-teristics of materials w,..ch co.Jd be used.

IThe LPY prototypes whir) we,-. lelivered co CRDEC do sh.rw that the LPM co.cept is

feasibln. The pro,'rypes are light veigbt. The vision characteristics of the LPM ve very similar or

Z tbeer ,:ian many existing protrctive masks, ircluding the eye te!;f. field of view, and vi;on acuity.

improvement in the LN M vlual tr=.zeri.ic shoulo a"ro be renlized -s the design evvlves awi beter

(also more expensive) cas;.ng pr•cesses =rc used. The casting of the air management components
could !n imr,noved since tht etxistig cast-ng meth.Js result in excessi' t flashing which r..st be5 trimmed. lynrovinv the casting methods will also improve the qality of the =as parts, such s
intreased -wall thickness unfformity. The LPM prototypes are not as Ndable for storage as initially

envisioned; however, this is partly due to raximizir., the Si1ter ssembly size for reduced pressure

Irop at the expeom. of fo'a•diity. The prototype hoe( and facepiect materials do oct provide 24-

hou- chemic'.' agent permeation r moiecion, but they are represeatve of developmentl materials

whi..h can meet this requirement. These developrental mz:esials are als likely to be capable of b.at

sealing for h"od falrication, or min-aa ly, tape spaling of the se'.n seams.

5.0 RECOMMENDA11ONS

E-caus. the LPM prototypes do ýaow td:% concept to be feas~ie, its dwvdopment she 4d

be Pursued. These pm e provida a l" weight and low orofile whe. compared t existin
military chmical ptXaection equipmem.

A wunber o. materials are presently unde- developir -at whk', ardght be utilized in tme

LPM facepiece and hood. For itaunce, Chenfab is deve!cpinj uooropolyiner-cosred fabrics which
S•art ;ightwe•ght, flexible, w.-ich she .d be heat sealablt. The progms of this developmeat ,.W, d
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be fullowed, and possib!y funded, along with other developer programs to produce both impermeable

and semi-permeable materials for chemical protection. Although the development of a stretchy

chemical barrier material which conforms exactly to the wearer's face (similar to the stretch

properties of nyloni', cra* fabrics) is not likely in the nea= ,e-Te. an effort should be made to

encourage this development in the future.

A laminate consisting of an outer che,-cal barrier and an inner structural layer should

be pursued. Becau=e films or coatings which provide excellent chemical agent permeation resistance

are typically ncn-stretchy and stiff, the outer chemical barrier thickness should be minimized. The

structural layer M.ould be sufficiently thick for strength and durability while providing flexibility and

comfort to the wearer. This laminate should be thermoforwaele to conform to the wearer while

reducing the number of seams. This laminate could also, be tranparent for personnel recognition. A :0
candidate laminate of this type was not identified during the performance of this program. Because

many barrie.' films and laminates are developed for the food and med;cal packaging industry, it may

be necess•.y to fund a custom laminate development program specifically for the LPM and similar

chemical protection equipment.

As the above materials become available for integrating into the LPM, the molding

methods used to fabricate air management components and lenses should be improved to provide

better quality parzs. Rapid prototyping methods, such as stereolithorraphy, should increase the pace

of development (also allowing faster evaluation of the fabricated parts) while allowing more control

over material thicknesses and component interfýa. Future developments may also integrate all of

the air management mrnponens into one mold which would provide higher sea..ng reliability over the

adhesive joining methods.

I,.
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APPE.NDIX A: LIGHTWEIGHT PROTECTIVE M.A SK DESIGN REQUIREMENTS r

Various requirements for the light-eight protective rrask (1PM) are ptmmded
below. The source for these requiretnrnts are from the Developer's Spmcficanon (RESPO 21)
(Draft copy) provided by Corey Grove, CRDEC. Ile following specificatnons ame not intended to
be all inclasivc; they are for reference only.

System
Donning tie 9 Seconds 1
Tenmerawre

Operational -250F:5T:512OFP
Storage -600F:5T!5 160OF

Unindividual I Year

Decontamination 5 eos3 ay A 071

User group I o9%pplto

Vision
T ens stadoff

Optimum 18 mm
Maxim=i 25mmI

Optics
Lumonous transmittane a 85%
Haze 55
Pzivmatc deviation
Vercal 0.18 diopters
Horizontal Sum. !5 0.5'" diopters
Horizontal Duff. 5 0.18 diopters
I.ewfrcivepowe 5 0.125 diopters
Distortion MIL-V-43511B

Optical correction 100%

Optical filters
Laser Classified

Impact resistace ANSI Z-87
Respiatry

Resistanc
Inhwalaon 30 mm H20
Exhalation 15 mmH20

Flow rae
Avwag 85 Iltat mnute
Inhalation 250 listesminutc
Exhalation 300 litets/minute

jaiA



APPENDIX B: CHEMICAL BARRIER MATERIAL IDENMiFICATION
AND TESTMNG: PREVIOUS STUDIES

The following is a summary of the mrtrial rpos provided to Battelle by CRDEC.

A previous stdvt was conductd to identify potential materials for the following

applications: elast-,reric faccpicre materials. flexible lens, rigid lens, rigid components, and hood
barrier materials. SumLianes of this information is presented below.

Elastmieric facepiece material candidates am silicone. naWral rubber, neoprene., and
flumivsilicone. Neoprene and Natural rubber are commonly used in industrial and military
facepiects, but they are not recommended because of their problems with ozone attack. aging.
toxicity, and not flexible enough in low temperature conditions. Silicone p-ovides the best overall
stability to environment conditions, but it has poor resistance to agent permeation. Fluorosilicones
increas the resistance to agent permeation, but the physical propertis such as flexibility and
resilience, werc reduced.

Thin-film fluoropol-mlers (about I to 2 mils thick) can provide high resistance to
chemical agent permeaton. Atching thes fluompolymer films to silicone as an outer baruier may
be possible; however, atching materals having vastly different modulus properties using adhesives
has proven to be difficult. Some problems encountered are flex cig and delraination,
especially a low temperature. I: is not known if enough thickness of adhaesive can be used to join
low modulus silicone to hher modulus fluoropolyne films, but mechanical attachients might be
used. Thermoplastic elas.owero (TPEs) may be good agent banier in the 25 to 30 mil
thicknesses which might also be attached tc silicone to form a laminated facepiece. Krantvn has
been bonded to paisrma and flame treated silicone and proprietary pressur sensitive Madhesives have
also been used with untreated silicone.

Materials for a flexible lens were investigated, but a flexible lens was not being
pursued for use in the Lightweight Protective Mask (LPM) and the reader should refer to the study
for this informaticn.

Rigid lens materials hiclude CR-39 and polycarbocna both of which are commorly
used in optical correction eye wear and provide impact resistance. One disadvantage of both thee
materials is that they have poor abrasic.r resistance which can be overeme with a suitable
hartcoating. Pblycwronate was selected as the bes candidate due to is light weight, high impact
resistancz and supericr optical properties. Harcoatings of intes for poly•arbonate lenses are a
super hard silicone costirig by EYXENE and the epoxy-based coatings being investigated by the
Air Fae.

High impact plastics for ma=Ing rigi' Ieow nts, such as check valve seats and
vokemiitter housings, wre readily available for RES&.O 21. Nylo ve mcwmemied for use,
including-

* Glass-filled nylon 6/12 fw POL and nucear exposure
* Low grade nylcn has shown good dimensicnal stabity
o High grade nylons sgch as Zyel@l and Minlko@ are a',,ilable for be= moisure

absorption rsstance and thermal expansion

I "Memorandum for Record. Technology Survey Rests (Maerias)", Provided by
Corey Grove, CRDEC



Thin-film chemical hamer materials were invesdg-ted for use as flexible hood A
m:ut-t of m=:enal,, are prcsented rc!at:' e to their physical propcitves. including % anous tNyps of
t~uerc'~ah.'r1 fim lngl, hccr, no ct'cm;cal agent perceaton data '%as prewraetd and invetugatons
ol* st%;,ro- b-Irmer fiirn. o e., thin bamer film larrunated to a fabric sub.,uate for strength and
durabi~t?) •r ",pn, repo,.cd.

Another material study- v.as completed which investigated various materials for use
in the different apPlicaLons of RESPO 21 protective masks. This study addressed the following
applicanvns:

* iHardcoating for polycartonate lenses
"• Coated fabrics for hoods
"* Facepiece sea]. suspension, and nosecup for "softshell" design
"* Transparent facepieces

Chemical agent testing of HID and GB were performed for a large number of the
material- idenufied. however. testing was generally stopped at 480 minutes. Therefore. it cannot be
determined from the data whether the breakthrough of the agent would have orcurred at 481
minutes or if it ',%ould not have occurred until 1440 minutes. (MTe design goal of the LPM is 24
hours •hich is 1440 minutes.)

The following materials, with the thickness specihed in mils, provided at least 480
minutes of perfom-ace without chemical breakthrough for HD and CB:

1 Burl rubber, 75 mil Hytel 630, 75 mil
* C-4 Polymer (Union Carbide). 75 nil • Hytrel 55SO, 75 mail
* Capmn 77c • Kle-F (Pe iwalt), 75 rail
• Dow CPE. 75 rail • Mobay t.-thane E-275, 75 nail
* EPDM (Du Pont). 75 mail . Neoprene., 75 rail
• FEP-200. 5 Mail * Nylon and Saranex
* Fluorel. 75 mail 0 Polyamide
* Gentex urethane, 75 mail * Polysulfone., 75 mil
* Hardcoated polycarbonate, GF, 125 nail l Saanex
* Hycar-1203, 75 nail * Srla", 75 mail
* Hycar-403 .75 mail * Teflon
* 1Hypalon. 75 mail * U.SJ EVA, 75 roil
* Hytrel 4055, 75 nail

* Note that Kalrez was not listed as tested

2 Katz. Harry S. and Radha Agarwal, Utility Development Corp. Idsxf. Eivalua
and Recoa -end Materials for Use, in the Next Generation of Respiratoe ,
Protection (RESPO 21) Oct. 31, 1990



'•rhe fotlowing marials, bonded onto silicone slbs C75, 80, or 100 •i•sthick),
provided at least 460 mintnes (unless othcrwise specified) Aihout chcmical tz-*hrough for HD

Sand GS

a ParieneC, I mil
• Cap.-an, 2 mil

Sarii. I mil
Saranex, 4 l

• Cellophane, 2 rmil (4W0+)
Kraton, 25 mil (420 HD, 460+ GB)SUpjo'.m d e4S+

A materl study 3 consisting of testing materials which could provide 24 hourS breakhrough times for HD was also amp!eted. Sixt-three (63) materials were subjected to liquid
HiD challenge of 10 gVmis per square meter (g/&2). Of these materials, 12 had breakthrough tim
(vapor) exceeding 6 hours. The eight materia s prviding at least 20 hours of breakthrough time

I BLIOO + 104L Latex B
• PIB + 104L LatexI * Ethyl-F

K
* Barricade
0 • arfguard

Responder
* COenrl Max

The latex blends were 50 pezen blends by volume and consisted of butyl la=x
(BLIOO, Burke-Palmason Omemical Co.), polyisobutylene latex (PIM, Burke-Palmason Chemical
Co.), and natural rubber latex (104L, Firestone). Kalr=O is a peI.luormelasaner by DuPont whichE provides many of the chemical properties of Teflon®, also prod•xed by DuPont, but in an
elastomeric forms however, the cost of Kahezs is very high. The emaining materials listed abov
are very stiff and not suitable for a conforming hood design. Most o the testing incluaed ocly one
sample of each material for s•ening puposs The thicknses ofthe sarials wer eot provided
in the ixpt.

Anoher Mpxr 4 was provided by CRDEC studying fexible Jens matials. This
I report was reviewed, but a sum:ty, mas not pe ted here since a flexible len design was not

pursued for the LPM design.

3 The following tables wer provided by CRWjEC dining the pattxrame of this

I

S3 "MEMORANDUM for SMCCR-PPYL CRD.C Agent Testing ofi 10O 21
Materials" Leonard F-. Nacholsn, Maj, CS, Acting Cief, Eval Branh

I Report on Flexible Ln Materials and Coatings. Written by MSA, Tile Unknown.
Prvidd by Corey Gove, OCREC

I



(Continued)
rndividu;-. Protection Flexible Lens &
Material Agent Res .%.ance Estimates

Flexible Lens Materials

Materials HD (=in), GD/GB(min)

Ethylene Acrylic (75 ails) 480+ 480+

Urethane (Aliphatic) (75 mils) 1050 1440+

Urethane (Aromatic) (75 mils) 1440+ 1440+

Silicone (100 mils) 85 160

Butyl (Conjucated Diene) 480+ 480+
(75 mils)

EPDM (75 mils) 480+ 480+

Hydrin (75 mils) 480+ 480+

Vinyl (75 mils) ---....

Polyurethane (Pallathane) 210 480+
(25 mils) ........ ......

Polysulfide (75 mils) 480+ 480+

Fluoroelastomers
-KEL-F (75 mils) 480+ 480+
-Fluorel (75 mils) 480+. 480+
-Viton (75 mils) 480+ 1440+
-PNF ;75 mils) 480+ 1440+

TP• ...
-Solprene (75 mils) 480+ 480+
-Kraton (25 mils) 420 460+

Chlorosulfinated Polyethylene 480+ 480+
(75 m ils ) I I I

Values are estimates based on available data (see reference
reports). o
Mils - 1/1000 of an inch.



(Continued)

o Individual Protection optical Coatings(Flexible' ; Agent Resistance Estimates

(1t.5 2 x i) q2tn__ (Flexible)

Mqaterials HD (min) GD/GB (min) ,

Polyviny Fluoride (l mil) 1440+ 1440+

Polyvinyli Chlorid e (2 mil) 365 240
Ionomer (10 mil) 195 480+. ..

Polyethylene Terephthalate 1440+ 1440+
(1 niil)
Polypropylene (3 Mil) 57 "--

Polyfluorohalocarbon a5 60

(1.FMl)oe,2531 ________________

Polyvlnylidene (2 ail) 460+ 460+gPolyvinylidene Fluoride 460+ 320

(I Mil)
I Nylon/Polyethylene .....

Fluoroelastomer 450+ 400
g ~~(Fluorel, 2.5 mil),,

Polyamide (2 ail) 460+ 460+

Chlorosulfonated 480+
Pol;ethylene (75 mil)

S-tyrene/Butadiene (25 3il) 420

Paryleng C (0.1 zi, ) 117 347

Nil - 1/1000 of an inch.

I
U
I
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Individual Protection Optical
Coatings (Flexible) Studies

Ontical Coatings _Flexible)

Material Trade Name Urethane Silicone
,,Bonding Bonding

Polyvinyl Fluoride Tedlar Moderate Haze Flex
Crazing

Polyvinyl Chloride VCF Flex Cracking ---

Ionomer Surlyn Moderate Flex
.. __ . Bonding Crazing

Polyethylene Terphan* Poor Bonding,
Terephthalate Mylar Flex Cracking

Polypropylene B. Cor Mod Bonding,
Flex Cracking,
Haze

Polyfluorohalo:arbon Aclar Poor Bonding,
.___ Flex Cracking

Polyvinylidene Saran Darkens At FlexHigh Temp. Crazing
Poor Solvent

Polyvinylidene Fluorex Mod Bonding, Flex

Fluoride Kynar Flex Cracking Crazing

Nylon/Polyethylene ST. Regis High Haze, Mod
__ _ Film Bonding

Fluoroelastomer Teflon Flex
__Crazing

Polyamide Capran Flex
Crazing

lChlorosulfonated PE Hypalon ---....
__ _ _ _ _ _ _ _ _ _ _ _ __ _ _ _i__ _ _ _ _ _ I_I Styrene/Butadiene Kraton - No

S!Crazing

Urethane Bonding - Ability to bond to uretaij i.

Silicone Bonding - Ability to bond to silicone

i ~/"



Table 6
(Continued)

Individual Protection Flexible Barrier Film
Agent Resistance Estimates

Flexible Barrier Films

Elastomer RD (min) GD/GB (min)

Butyl (15 mils) 325 1200+

Neoprene (25 mils) 63 ---5 plastics

Polyethylene (10 mil) 60 ---

3 Polypropylene (3 mil) 57 ---__

Polyvinyl Chloride (2 mil) 365 2403 Polyvinyl Fluoride (1 mil) TO(LA, 1440+ 1440+

Polyvinylidene (1 mili 460+ 460+

Polyvinylidiere Chloride (2 iil)v, 195 170

Polyvinylidiene Fluoride (I mil) KYN 460+ 320

S Polyaride (2 mil) 460+ 460+

Chlorinated Polyethylene (10 m1,% 60 ---

Chlorosulfonated Polyethylene ....

Polyethylene Terephthalate , 1440+ 1440+ 24

lonomer (10 mil) 195 480

Fluoroelastomers

Viton (2.5 mil) 350 151

KEL-F -- r

Ethyl F (27 mil) >1220 --- d

Fluorel (2.5 mil) 450+ 400 4m

I
I
I
I.



Talble f
(Continued)

Fluoro olvmers IHD (=in) GD/GB (min)

PTFE (1 mil) 1440+ 1440+

PFA (1 mi) 1440+ 1440+

FEP (1 mil) 1440+ 1440+

ETFE (1 mil) 1440+ 1440+

ECTFE (1 mil) 1440+ 1440+

PVF, (1 mil) 1440+ 1440+

CTFE (I nil) 1440+ 1440+

Thernmoplastic Elastomers

Polyolefin (10 mil) 76 ---

Polyester (5 nil) 68 350

Polyether/amide .. ---

Stylene/Butadiene (5-10 nil) 115 420

Polyester Polyuretbane ... _-- _ -- ,,,_ _

Polyether Polyurethane (10 nil) 99 .... _--- _,

Acrylic (20 nil) 69 ---

Natural Rubber (33 nil) 57 --

Butyl (3D mil) >1220 --

Fluoroelastomer (30 nil) 121 ____,--- _.

m~ I

I
*1

U-

I



Industrial Suit Materials

Material HD Summary

Neoprene (22 mil) 169 Too stiff for hood
V/N/C (14 mil) 167 " "

Barricade (16 mil) >1220 " _

Tefguard (20 mil) >1220 W N

i Responder (15 mil) >1220 U ..

Challenger 5200 (11 mil) 432 U

I Chemrel-May (12 mil) >1220 " _

Repel 49 _ __

I
I
I
I.
I

I

I
I
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S~~~APPEN'DIX C: COMPflONELNT PART AN',D MOLD DRAWENGS

i The follo;.ing drawings provde, the dimension used to maxhine the v=,ziouas

•components and the component molds used during LPM p•, otyping.
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I APPENDIX D: MATERIAL VEN'DOR REFERENCE

I T1e following is a list of the materials and their vendors which were used during the
fabrication of the LPM mockups and prototypes. Also included is the list of adhesives ident-7 -d in
a search along with the testing of adhesives obtained.

I Master Mend"" Epoxy A two-pat epoxy adhesive having a 90-
IDuroTM QM.460 minute cure time at mrom temperture.Lctite Corporation

2 Master MendTM Epoxy A two-part epoxy adhesive having a 5-minute
DuroTm TM-51 cu time at to=n tcmpeuptne.
Lcdte Corporation

3 Acryloid An acrylic casting resin. System would not
B-67MT completely cure in a Sylgard ® 182 iiconc
Rohm and Haas mold.
Philedelphia, PA

4 Polyester Fiberglass Resin Fiberglass resin commonly used in auto body
Dynau-on/Bondo Corp. repair work. Cured parts of only resin are
Atlanta. GA very brittle and not very stong.

5 Acrylic urethane A UV curing polymer consisting of various
Banelle percentages of polymer. dia=ylae, and
Columbus, OH uiacrylate, and UV-.-zning catalyst (See

below)

6 Acrylated epoxy A UV curing polymer consisting of various
Battelle peacentaes oM polym, diylaye, and
Columbus, OH i-crylatc, and UV-cuwing catalyst (See

below)

7 Polyurethane TC 960 This two-put ure n has a pot life of about
60 Short Hardness A 25 minutes and a roo•-tenperanzre cure time
BIB Enterprises of about S hors. This cure time can be
Garden Ga.ve, CA significantly reduced by heati.-g the poured

mold at about 1100 F. This yellowis' rubber
is translucentL

8 PPolyurethae TC 960-B This two-put urethane is the same e the TC
60 Shorte Hardness A 960 camtble wvdae, except that it is a brush-
BIB Entrprises gae The mixed viscoity wu to high for
Garden Grove, CA degassirg in the xng poL The pot lifo is

about 25 minutes a=d it has a toom-
p cure time of about 8 hourm. This

yelwih rubber is trwslumm



9 Polyurethane TC 274 T.-:; two-part urethane foam has a mixing and
Pour-In-Place Foam pouring tirne of about 90 seconds before it
BJB Enterprises violently foams. It is an open-cell foam
Garden Gro% . CA which provides some skanning depending

upon the age of material and ,,entmg of the
mold. The foam is white at fist vith
yellowing occurring -ith age.

10 Polyurethane TC 25•10 Epoxy This two-part epoxy system is a transparent
BJIB Enterprises polymcr which has a pot life of about 25
Garden Groc. CA minutes and a room-temperarwue cure time of

several hours

I I Chevot Clay Clay/wax composition. stiff for sculpting
BJB Enterprises details while it can be melted at about 200OF
Garden Grove, CA for shaping or pouring.

12 Epoxy Parifilm Film forming release for epoxy systems.
Price-Driscoll Corp.
Farmingdale. NY

13 Sylgard 182 This two-pan silicone system is heat-cured
Silicone Rubber with a cure time of 4 hours al 150* F. It has a
Dow Coming low viscosity prior to curing and has an 8

hour pot life. It is a nansparent material
which does not readily bond to other
materials.

14 Sylgard 184 This two-part silicone system is room
Silicone Rubber temperature cured with a cure time of 24
Dow Ccmning hours. It has a low viscosity prior to curing

and has a 2 hour pot life. It is a =nasparent
material which does not readily bond to otw
materials.

15 Sylgard 186 This two-part silicone system is room
Silicone Rubber temperature cured with a cure time of 24
Dow Coming hours. It has a relatively high viscosity prior

to curing and has a 2 hour pot life. The air
bubbles could not be removed with a vacuum
due to higher viscosity. It is a transparent

16 HS II RTV This two-pan silicone system is heat-cured
Silicone Rubber with a cum time of 24 hours. It has a
Dow Coming relatively low viscosi*.y prior to curing and has

a 2 hour pot life. "eh cured material is

opaque white and can bond ot other materials.

17 Algi-Cast Fast semng molding compound made from
M465 Molding Compound organic ma'eria~s which breaks down ova
Tri-ess Sciences. Inc. time; therefore, only used for temporary
Burbank. CA molding.



18 Hydrostone
U.S. ypsum ProductsIndu3ia1 Gypsum Division

Qhicago, IL
19 Ultacal 30

U.S. Gypsum Products
Industrial Gypsum DivisionCwn Inu IL

20 High Temperture Casting Resin Metal-Filed Epoxj
FR-44- Gray v/ Catalyst 5413-C
Fiber Resin C ornionBurbank, CA

21 Olefin Spacer Fabric Loose woven olefin spacer riai having a
Stock no. 2006-027-1 wki ol'74to76incbes Avaibmlio the
Pittsfield Weaving Co. time.
New Hampshire

22 Saran Spacer Fabric Woven Saran spacer ma=a having a width
Stock no. 9006-009-1 of about 54 ichbs. Nol a oose weave forFi,.sfield Weaving Co. low pressure drops during air flowNew Hampshire coadiios.

23 B/LP Lens System Balist c pttion ywerSysteminldg
Southbridge, MA adalaser ouum~

Ii4 ahv An ela snic PTFE material having theDuPont polymeric cod. of FFKM. Tlis mea is

25 Ficaa Bushae Urehane Material is black in coor. Can combine with
rT`W Devcmx curing accelerattas and flexing agent, Flex-Danvas, MA Add, also puced by 17W Deon

26 Flex-Add Flexing Agent
rrw rDec

27 FLuorgie aigC potmp d Ruorppolymerdz film lubricam film-Pe'rfinanc Plasic bondin psdand m anti-stickn apnt.
Wayne, NJb

28 Sulicone Parting Spray Mold release alm, cokaleas odixiess and
No. S512 CIM
C --in FaL OH

29 M-6W8 Silicone RTV T*0pM ai foam which hasa 2ding
Dow Coning ad peoing ime of about I mnin=e, his

black m color and doesn't have good v=Xgth
Cr Mrte-sisanceg
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30 RTF 762 Silicone Rubber Foam Two-par, silicone foam which has a mixing
General Electric Company and poaring time up to 14 minutes. It is I
Silicone Products Div. white in color and has good strength.RTV Products Dept.
Waterfoar N'Y .

31 Wonderbond Cyanoacrylate adhesive simnilr to
Elmer's& "SuperGlue"
Border. chc.

32 Butyl Latex BL-100
Burke-Palmason Chemical Co.

33 TIN Latex Fluoropolymcr latex

Ausimont USA, Inc.
Morristowit, NJ 4

34 Natural Rubber Latex 104L
General Latex & Chemical Cotp.

35 Darlington Fabrics Corp.
Westerly, RI

The acrylic urethane compounded by Battelle was based on PurElaSt 186 (PES [
186) polyrn- from Polymer Systems Corporadon. The diacrylate used was 1,6 HDODA. The I
t"iacrylate was Photomer 4149. The catalyst was a 2 percent Irgacure 651 frw CQba Geigy.

Formulation Polymer DiaMcrylate THYial
No. PES 186 1,6 HDODA Potxmer 4149

1 25 70 5
2 70 25 5
3 70 5 25

The acrylatcd epoxy compo,-ded by Battelle was based on Phoome 3016
polymer fom HenkeL TIe dia=ylau- used was 1,6 HDODA. The triacrylate was Phowaier 4149.
The catalyst was a 2 percent Irgacure 651 fior w(iba Geigy.

Fomulation Polymer Diacryate 1iy e
No. Pbowmer 3016 1,6HDODA Pbotoam 4149

1 25 70 5 .
2 70 25 5
3 70 5 25

A search was made of vaious types of adhesives which could be used in the
assembly of the LPM prmotypes. Following this list of adhesives am the adhesive testing which 3

|(I I I II I IIII I I I I I I.. .. 1
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Resorcinol-formaldehyde
Phenol-formaldehyde 9 resorcinol formaldehyde
Epoxy-polyaminoamide e
Carboxylic acrylic
Polyamide
Nitrile-phenolic
Nitrile rubber cement
Polyurethane rubber cement

Norwood Indusries, Pennsylanla (215) 647-3500
Phenolic film adhesive -- Plymaster PM220
Urethane film adhesive - Plymaster PM253 I
No cure schedules

BF Goodrich, Ohio (216) 374-2900
Nitrile-phenolic film adhesive - Plastilock 601
May require too high atemperature to cure (I hr a350 F 100 psi)

GFF, Cncinnad. Ohio (800) 582-1502
Polyamide film adhesive - Fus-O-Bond N-OO
No cure schedule

Diecric Poly, Mosshweas (413) 432-3288
Nitrile phenolic film adhesive - Neltape NT-601
Polyamide film adhesive - Neltape NT-381
No cure schedule

AlIe Resin Corporaion, Nekw Jerwj (201) 455-5010
Polyamide rdlm adhesive - Capma 77C
No cure schedule

American Cyanm id, Mayland (301) 939-1920
Mkichgan (313) 353-9180
Unsuppred M film wdesive - Cybond FM-1000
Too high cure schedule? (Ilhr 350F 40psi)5



American Cyanamid, Maryland (301) 939-1910
Epoxy - Cybond 1112
Cure (2 hrs 0 77 F)

Oba-Geigy, New York (914) 347-4700.
Arathane Ay 5500 + HV 5501 or HV 5511
(Polyurethane 20 min pot-life or 5 min pot-life)
(I day @ 68 F or 8 hrs 0 68 F)

CoW., Incorporated, New York (716) 372-9650
Polyurethane for plastic - Conathane DPAD- 11877
They have dozens of urethane adhesives (cure 2 days at 77 F, 37 min pot-life)

Hot-Melt Adhesves

H.BA Fuller Company, MN (612) 481-1816
Polyamide - HM 1504 (S.P. 292 F)
Polyamide - 816

National Starch, New Jerny (908) 6qS-S000
Polyurethane - Duo-Flcz 72-9014



Ty'pe of Adbesiv'e Tcflon Fabric CDMMentS
Glue adhered to vinyl

Weldwood Contact Ceme'nt !t1 fail and teflon
-- -- Glue adhered to

3Sup 77 fall fanl fail polyurethane

Glue adhered to

Both films fail after
Borden Wonderbond held held fail pullinst hard

_________ --- Glue adhered to vinyl
Sea] All fail fail fail and not to teflon

Glue adhered to vinyl
Duro Master Mend Epoxy fw fail fail and teflon

Dow Comning Silicone Glue adhered to vinyl
Seaknflt fail fail held and teflon

BIB TC-960 A/B Both materials fail after
kolbrurethane held held -fagl pulling hard

Glue adhered to
Scotchweld 2216 Ti/A Epoxy vinylteflon and
Adhesive fazI fail fail fabric

I[

Able to pull off but very
Scotch Grin 847 held held fail haid

HB1 Fuller Hot Melt -Glue £dhered to vinl
iiMN(SO4 fa llfa fail and teflon-

50i
_... __ ____ _ _____ II____ I I

Mza Geigy XMH 8520
Polyureth~ane held held fad l Hld Mims fagt

I

SB13Ahld f gHelylu de ti

Glu adh e red t

Se al A em sealfu' fail Did n te t ot bef l m ,ii i J ii j. | 'n

N~cahn 
ovnl[
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APPENDIX E: LENS THERMOFORMING

A lens design was established based on guidelines found in the literature. This lens
was flat in the vertical meridian which basically forms a two-dimensional lens. The followir.g is a

discussion of the procedures used to thermoform lenses using G. 12-inch thick polycarbonawe
(Lcxan by G-neral Electric).

An aluminum mold was then machind based on the hceizontal curvature of the lens
design. This mold formed the inside surface of the lens (Le., male mold) wheru the polycarbonae

was heated and wrapped around the mold. A shect of polycarbonare was cut to size and clamped to

dte peak of the aluminum mold. Before the polycarbonate was heated, the sheet was flat. As it was

heated to about its melting point, the polycarbonate would wrap about the mold because of its loss

of strength. Once the sheet was fully confonmed to the mold surface, it vas removed and allowed to

cool, thus resulting in a lens plaque. A line was then scratched into the polycarbonate along the

bottom surface of the mold to form a referene line. Flt patterns of the lcnses were then cut from

paper and glued to the lens plaque, The lenses were cut out from the plaque and the edges ground
flat. The pattern glued to the polycarbonate was easly cleaned off %ith soap and water.

Initially, the t ofonming tenxprature was not known and was found by trial and
e=r. In the first thermoforning at-empt, the polycarbonate was slowly heated until it begu'n to

so0 ten and fall about the mod. The final tempeonn-e was about 330°F. However, some stiffness

was still present in the polycarbonate sheed and the sheet was pushed against the mold.

The second termiforming attempt was made at a higher temperaturr, 3550F, to
eliminate the stiffness in the sheet. However, at this tmpeae, small air bubbles formed inside

the polycarbonate at the areas of sharpest cn e.
In the third thermforming atrep, hose clamps were used to forc the :

polycarbonate against the mold and held there until the polycarbonate was cooled. A thin Teflon(

PEPfilm and a thin sheet metal cover were placed between the hose clamps and the polycarbor ate

to better distibute the hose pressure. (Permanm marks were left on the polycarbomate where the C-
clamps used to hold the polycarbozate to the mold we camped.) The hose clamps basically
formed an inexpensive female mold. This mold assembly was heated to about 3400F. The

assembly was periodically removed from the oven and the owse clamps tightened during the besting

process. After hearng, te assembly was competely cooled and then aisassannlod. Some awr
bubbles were formed in the polycub e Als mss marks wer left in the pelycabonate from
the hose clamp& These sutess maks generaly could not be soen e•Xe under certain lighn
coaditions. Lenses were cut out from this lens plaque from the areas which did not contain these

defects.

/



Io ýttx = rm 'is rtxommcndcd dha a fen-We twid Le amude so that fte
male and female rnold together will foc the polycarbonate to the desired shape. The

polycarbonawsoli~ ehated. oaot30 o30 to preclude the formation of air

bubJs4~d icpl.xoae
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APPENDIX F: DIP-COATIG PROCEDURES

Dip-coat testing to produce an LFIM prowtype was initiated by, fotmdng simple dip-

coating on glass test tubes xitd on glass :-ýt tubes lined with a ny!or/Lycraý& fab~ic. The fabric

subsrae was sewn together to fcei a slccve which was suttched about 20 percent as it was placed
onthetesttube. The atxcsuvdwerthe butyl LaexBL-1001 and thinatural :ubberldiic- !.411-

1861, clear2 previc-usly determined to provide a go: chemrical agent permeation Sýartier for~ FI-D
Howe%-a fth zP..ural rubbe la=e used in this pirvious testing progri was 104L produced by

Firestone.' Thc 104L was ntx v~ailable for pVxase at the time of testinje, thus explaining ttds

substituton-
The .utuhn3 rubber lanex was already compotinded when it was obtained. The butyl

ltxdid noe t be coomponded. Instrcdons of different compounding efthods were suggested

and the Wolowing cempaumding was pefonned.

Butyl Inat BL-100 160

T=i oxide (M shiny)5  .
Saalfir (50% sluwry)s 4.4
Bu~ylnwz(30% slwiy~s8.
Setsit 5 (asroxiedw)5 5.0

ftou chmeeseloth oImm way wti flWIW. A so~udoaci50 p=~cM miruecoeuav

*sused. Tlie ts: tube wim slowly dipoed a i k in an slowl pulle adamM a t
* ~~~was the slo% dipped in dtc cosguLws a&W slow piAln bwk ow. This Vpm, ca was rqetW2 mWi

I BL- ICV2 bmI aS by Bwbe-Paltinma Popm- Besch FIL

2 '-N4"I (dez) muga rabbw Ism by GeanW Lonz aWi Chem"~ ro

* ~ ~ ~ I MORA.TAA'M for SMCCZ-WI CW.DEC: Ageia Testing oI RESP(J 21I
Maws[ Lcaaud E. Nri-Lb Maj. CS, Aing Chief. Evai Brawhr

4 VM. Hawy S. ad rdha& Ap" Uiity Jeweoure Carp W I LFWMWand Recwmn M.ý , - I
~p~itmfRE~m~'rnOct.31. 1990

S UT. VINCM1111k CO.



the desired thickness of the dip coat was attained. The test tube was then susp-nded ir distiled

water overnight to leach out excess calcium nitrate. However, problems wee encount-red because
the coagulant seemed ineffm-tive for the latex solution. As the sample was suspended in the
distilled water, tne latex came off of the test tube and a s..mple could not be formed. Alcohol was
added to the calcium nitrate coagulate to sensitize the butyl latex as suggested in the compounding

insructions; however, this was not successful.

The supplier of the butyl latex was contacted for suggestions. The supplier did not
have any suggestions for a working coagulant and offered to send a sample of developmental butyl
latex, BCL-200, which -ifl work with common coagulants (i.e., calcium nitrate solution).

The BCL-200 latex was compounded using the same proceckres and chemicals as
the DL-I0) compounding. This new butyl latex was then mixed with the natura rubber latex and
filtered through cheesecloth. Dip-coating test tubes in this lozex still was not successful The

coagulant seemed to "shock" the latex which prevented a smooth dip coat to N: antained. The
amount of latex "sticking" to the test tube per dip was also very snall so that a very large number

of dips would have been necessary.
To deame the shocking effect of the coaguLant. the pecm of calcium nitrate was

reduced to 25 percem (75 percent distiUed waxer). This seemed to improve the dipping process
somewhat, although the coating per dip was still very thin. It was found that by letng the tet tube

sit in the latex for about 30 minutes and en letting the latex air dry after each dip for about 30
minutes before dipping in the coagulant kept the latex ftm leaching off of the est tube. This
methxl was used as dx. final procedues A number o coama were kpped so th the overall
dtickness was about 0.06 inches The dip-cost sample was then suspended in disUled w*at,

overnigIt to leach the "gulanl The same was the suspended in 160F war for three ho-ns
followed by cne half hbor in boiling waer to complete dhe cure (the buty latex compoiding

c s suggested curing in high humidity conditions). This sample was veri suooth and
looked got4 however, de wtesil smmgh was very low ard the maple was easily iom Because
this procedure resulnd in a unsab" sampe and a major eff'o, wuW havw bec requnid oo
deveop a su&Istcuy procss, dhe diP-CM gj,,tesig W39 .SsCOMMIzw


